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Six and a half miles until you stop. 
42 years until you finish. 
You run to think, to hear the birds, to be alone in a crowded 
world. To win the contest with that part of you that wants to 
stop. You run because it takes you to a place a car cannot go. 
To see the night shift worker trudge his way home as you 
breeze by. You run to help your mind distinguish between the 
important and the unimportant, what must be done and what 
can be put aside. To gain a sense of freedom. You run because 
you realise trying, and not winning, is everything. But must of 
all you do it because you are a runner and always will be. So 
you just continue on your way. Nearly home. Nowhere near 
finished. 
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A célt, tudom, még százszor el nem érem. Mit sem tesz. A cél 
voltaképp mi is? A cél, megszünte a dicső csatának, a cél halál, 
az élet küzdelem. S az ember célja e küzdés maga. 
Madács Imre -Az ember tragédiája (Hungarian writer) 
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1 Scope of the thesis   
The enantioselective synthesis of chiral molecules as intermediates for the 
production of fine and specialty chemicals is in increasing demand, as the biological 
activity of many pharmaceutical compounds, agrochemicals, flavours and fragrances is 
associated with their absolute configuration 1, 2, 3, 4. This increasing demand for 
enantiomerically enriched compounds has led to a rapidly growing interest in 
asymmetric catalysis, which is an economic way to introduce asymmetry in these value 
added chemicals 5, 6, 7, 8. 
Although various homogeneous catalysts, in which metal-ions are attached to 
carefully designed chiral ligands, are among the most effective enantioselective 
catalysts, technical problems such as separation, recovery and recycling of the soluble 
catalysts create a demand for heterogeneous catalysts with comparable or even better 
performance. 
Furthermore, the impulse for developing new, more efficient and selective 
catalysts and for the realisation of new process technology is strongly related to 
environmental compatibility. Consequently, the heterogenisation of homogeneous 
catalysts is an interesting idea, combining the positive effects of catalytic performance 
and practical use of such catalysts. 
There are various methods for the heterogenisation of homogeneous chiral 
catalysts. Generally, immobilisation may be divided into four distinct areas: (1) 
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formation of a covalent bond with the ligand; (2) adsorption; (3) ion-pair formation and 
(4) encapsulation or entrapment (see Table 1.1).  
Table 1.1 Some possible means for the immobilisation of homogeneous catalysts and 
their uses and problems 5.          
Immobilisation 
method 
covalent 
bonding adsorption 
ion pair 
formation 
entrapment or 
ship in a bottle
Applicability broad restricted restricted restricted 
Problems preparation 
competition with 
solvents, 
substrates 
competition 
with ionic 
substrates, salts
size of substrate, 
diffusion 
Inorganic (oxide) materials have a long history as supports for heterogeneous 
catalysts. In the class of microporous materials, zeolites and related materials such as 
alumino-phosphates have several applications outside their traditional areas of acid or 
bifunctional catalysis. With the advent of the ordered micelle templated inorganic 
materials, the choice of available supports has extended considerably into the 
mesoporous domain. Examples of such materials are MCM-41, MCM-48, MSU, HMS, 
FSM-16 and various SBA type materials 7. 
There have been several attempts to modify the large pore system of the 
hexagonal mesoporous MCM-41 hosts with chiral catalysts 9. Hölderich and co-workers 
f. i. entrapped Co(II) salen complexes in zeolite Y using their own developed ship-in-
the-bottle method and used this catalyst in enantioselective epoxidation reactions 10 , 11, 
12
. 
This work is explored further in this thesis using several types of mesoporous 
hosts and other types of immobilisation techniques within the DFG 
Sonderforschungsbereich 380 . Chapte r 2 provides a general introduction on 
asymmetric synthesis and some enantioselective reactions, discussing various 
homogeneous chiral complexes and their significance in asymmetric catalysis. Salen 
type complexes have been known since 1933 and they constitute a standard system in 
coordination chemistry. In salen type compounds, the ligand backbone and the 
L L
M
LL
M+
Z- Z- Z-
L L
M
L
L
M
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coordinated metal ion can easily be varied, making these catalysts especially useful in 
catalytic studies, especially following the discovery of the salen catalysed 
enantioselective epoxidation of olefins by the groups of J acobsen 13, 14, 15 and Katsuki  33, 
44
. Numerous salen-type complexes have been synthesised and investigated in relation 
to a wide variety of reactions, such as epoxidations or epoxide ring-opening reactions of 
terminal- and meso-epoxides with different types of nucleophiles 17, 18. 
Furthermore, a short introduction of in the present work used the possible 
mesoporous carrier materials AlMCM-41, AlMCM-48 and AlSBA-15 is presented. 
Finally, various methods for the heterogenisation of homogeneous compounds are 
discussed. 
One of the chosen methods for the heterogenisation is based on ion exchange, 
followed by loading of the ligand into the mesopores of the host. In first experiments, 
the ion exchange with cobalt was found to have a severe detrimental effect on the 
structure of the carrier AlMCM-41. Despite an extensive literature search, not enough 
relevant information was found regarding the best ion exchange conditions (such as the 
solvent, type of metal ion salt and its concentration, etc.). Therefore, an introduction 
study to find the optimal ion exchange conditions was performed in Chapte r 3 , in 
which AlMCM-41 was treated with three different metal salts using different exchange 
conditions, after which the structure and composition of the various materials was 
investigated. 
The best conditions found in Ch apte r 3 were used in Chapte r 4 , in which the 
immobilisation of homogeneous J acobsen s type cobalt and chromium based salen 
complexes in AlMCM-41, AlMCM-48 and AlSBA-15 was investigated. The Co(II) salen 
complex was heterogenised by ion exchange and impregnation methods, whereas the 
side group containing Co(III)OAc and Cr(III)Cl salen complexes were only immobilised 
by impregnation. The thus obtained materials were characterised with a variety of 
methods, such as XRD, ICP AES, TGA, N2 sorption, NH3-TPD, FT-IR and UV-Vis 
spectroscopy. 
Finally, the catalytic activity of the in Chapte r 4 on AlMCM-41, AlMCM-48 and 
AlSBA-15 immobilised Co(II)-, Co(III)OAc- and Cr(III)Cl-salen complexes was 
investigated in Chapte r 5 , using four different kinetic resolution reactions, with 
styrene oxide and cyclohexene oxide as substrates and water, benzoic acid, phenol and 
TMSN3 as nucleophiles. Finally, the reusability and leaching behaviour of the catalysts 
was investigated. 
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2 Introduction   
2.1 Introduction  
In 1848, Louis Pasteur discovered that two tartaric acid molecules with 
otherwise identical properties differed in the sign of their optical rotation 1, 19. This 
fundamental discovery was the basis for the development of stereochemistry in general 
and the phenomenon of chirality in particular, with far-reaching implications in 
organic and biochemistry 1. 
Today, pharmaceuticals and vitamins, agrochemicals, flavours and fragrances 20, 
but also functional materials, are increasingly produced as enantiomerically pure 
compounds 19. In the past decade, this has led to an increasing interest in the economic 
production of enantiomerically pure chiral compounds with non-linear optical 
characteristics and the search for suitable supports for their heterogenisation 2-4, 21-23. 
Catalysis is of vital importance for today's fine chemicals industry. There are 
only a small number of chemical processes that are still performed without the addition 
of a catalyst 24, 25, 26. A catalyst is a substance that increases the rate of a chemical 
reaction, participating in cyclic fashion in such a manner that the substance is cyclically 
regenerated 23. Catalysis can be divided into two major fields: homogeneous and 
heterogeneous catalysis 3, 7, 23. 
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There is a need for highly selective asymmetric catalysts among the various 
methods for the preparation and synthesis of organic compounds, which are stable, 
produce high yields of the desired products, and that can be reused readily 1.  
Significant progress in the development of catalysts based on chiral modified 
metals, chiral polymers and heterogenised chiral metal complexes have been driven by 
experimental work to unravel the crucial properties of these complex catalytic systems. 
The quinine catalysed addition of HCN to form benzaldehyde, as described by Bredig 
and Fiske in 1912 27, established the first proof of concept for asymmetric chemical 
catalysis. In 1940 , Nakamura 28 was the first to use modified nickel 29 and platinum 30 
chiral auxiliaries to modify heterogeneous catalysts. The Knowles group at Monsanto 
established a method for the industrial synthesis of L-Dopa, a drug for treating 
Parkinson´ s disease, which used the Rh-DiPAMP (rhodium-di(methylphenyl-o-
anisylphosphine)) catalysed asymmetric hydrogenation as a key step 31, 35, 40. 
The next two milestones followed quickly with the dihydroxylation and 
epoxidation described by Katsuki and co-workers 17, 33. The optically pure C2-chiral 
ligand BINAP ((2,2´-bis(diphenylphosphanyl)-1,1´-binaphthyl) developed by Noyori 
and Takaya turned out to be one of the most versatile ligands among the high-
performance asymmetric catalysts ever discovered 34-35. 
The methodology of enantioselective catalysts 36, 37, and especially homogeneous 
metal complexes 33a, 38, 39, has proven to be especially synthetically useful. Its 
recognition came in 2001 with the Nobel Prize awarded to W. S. Knowles 40b and R. 
Noyori 31 for enantioselective hydrogenation and to K. B. Sharpless for enantioselective 
oxidation catalysis 35.    
2.2 Asymmetric synthesis  
The goal of asymmetric synthesis is to prepare stereochemically enriched 
compounds in the most efficient and practical manner possible 15. Many reactions 
involve the formation of tetrahedral or sp3 carbon atoms within a molecular framework. 
The carbon atom that is responsible for the chirality is often referred to as the 
chiral or stereo centre. Enantiomers have opposite absolute configurations, and the 
Latin words for right Rectus and left Sinister give us the descriptors R and S, 
respectively 1. The assignment of a stereo centre as either R or S follows from the Cahn-
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Ingold-Prelog (CIP) convention and denotes the spatial arrangement of atoms in a 
chiral molecule (see Figure 2.1) 2-4. 
S R
c b
a
d cb
a
d
mirror
Figure 2.1 CIP descriptors for the specification for the absolute configurations S (si face) 
and R (re face).   
2.3 Enantioselective reactions  
Enantioselective synthesis is the preparation of enantiomeric products from 
achiral precursors using chiral reagents or catalysts. As discussed above, a reaction 
yielding enantiomeric products is required to produce each in equal amounts because 
of the enantiomeric relationship between the two transitions states 1. If a component of 
the transition state other than the substrate is chiral, and present as a single 
enantiomer itself, then one of the enantiomers should be formed in excess. In this case, 
one enantiomer R or S predominates, which is known as asymmetric synthesis, and the 
reaction is said to be enantioselective 3. The extent of the selectivity is expressed as the 
enantiomeric excess (ee), which is the percentage of the major enantiomer minus that 
of the minor enantiomer (R( %)-S( %)) 1, 3-4.  
2.3.1 Chiral catalysts  
Over the years, many different approaches to obtain enantioselective catalysts 
have been investigated, but only very few were successful 2. A major problem was the 
determination of the enantioselectivity, measured via optical rotation [ ]t using a 
polarimeter (called optical yield, defined as % desired % undesired enantiomer) 
1, 3, 4
. 
% 100
S)(R
S)(R(ee)excessicEnantiomer
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A catalyst, by definition, accelerates a reaction by being involved in the transition 
state of a catalyst-substrate complex 15, 17, 18. A schematic representation of such a 
catalytic process is presented in Figure 2.2 41. 
Figure 2.2 Schematic representation of enantioselective catalysis.  
2.3.2 Hom ogeneous chiral salen(m etal) com plexes for stereoselective ring opening 
reactions  
The use of catalytic asymmetric reactions for the synthesis of highly 
enantiomerically enriched chiral compounds is of growing importance in organic 
chemistry and the chemical industry 17, 42. One of the most active current areas of 
chemical research is centred on how to synthesise (chiral) compounds in a selective 
manner. In Figure 2.3 some examples of such chiral ligands and catalysts are presented 
41, 43
. 
The story behind the discovery of these structures is different for each case. This 
group of special ligands includes BINAP, BINOL, tartaric acid derivatives, 
bis(oxazoline) and pybox ligands, derivatives of the cinchona alkaloids, and the Duphos 
bis(phosphine) ligands. Another member of this group of ligands that have emerged 
over the past several years is Salen ligand 1 (see Figure 2.4), on which heterogenisation 
and application this work will primarily be focused. 
Metal complexes of salen ligands are readily prepared from a variety of first row 
and second row transition metal salts as well as main group metals. Chemists have 
studied metal complexes of ligand 1 for over six decades, but their application in a 
broad range of industrially important asymmetric reactions began in the 1990 s by 
Katsuki et al. 33. Salen ligands bind metal ions securely through four atoms, and their 
structures are more easily manipulated to create an asymmetric environment around 
the metal active site 18, 42.  
Substrate
(achiral) +
Catalyst
(chiral)
Catalyst-substrate complex
(chiral)
Reaction
Catalyst-product complex
(chiral)
Catalyst
(chiral) +
Product
(chiral)
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Figure 2.3 Examples of some ligands in asymmetric catalysis, which show high product 
selectivity and substrate generality for a number of different reactions. 
Figure 2.4 Some metal complexes of salen ligand 1 used in catalytic asymmetric 
processes. Denotations and numbering of metal salen complexes elsewhere in this 
thesis are corresponding with the here displayed order.  
Larrow et al. 42 first described the preparation of salen ligands, which can be 
prepared by the condensation of two equivalents of a salicylaldehyde derivative with a 
1,2-diamine 13, 14, 16. The Mn form of Salen ligand 1 was first identified by Jacobsen et al. 
44 as an excellent catalyst for the asymmetric epoxidation of unfunctionalised olefins. 
X
X
X
O O
R R
N
Et
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N
OMe
N
OO
N
X
RR
HO
N N
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H H
P P
R
R R
R
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iodolactonization
Cinchona alkaloid derivates
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Jacobsen et al. 15, 17, 18, 36, 41, 43, 45 reviewed hundreds of salen ligand variations for 
the asymmetric epoxidation of unfunctionalised olefins. Salen ligand 1 was selected 
because it showed the best balance between a high selectivity for a broad range of 
substrates and accessibility from inexpensive raw materials. The key elements of the 
ligand are the bulky tert-butyl groups at the 3,3 - and 5,5 -positions, which are 
proposed to enforce the approach of the substrate over the chiral diamine portion of the 
ligand, where the trans-diaxial -protons provide a remarkably effective stereo 
chemical communication 18. The industrial synthesis of ligand 1 uses very inexpensive 
raw materials 17, 42, and the ligand is now available commercially in both laboratory and 
bulk quantities.  
2.3.3 Classical, kinetic and dynamic resolution  
Resolution is the separation of enantiomers by chemical or physical methods. 
There are three different types of resolution: classical, kinetic and dynamic resolution. 
These resolution strategies have always played a central role in the preparation of 
optically active compounds 1, 15.  
2.3.3.1 Classical resolution 
Classical resolutions involve the use of a stoichiometric amount of a chiral 
resolving agent 15. The resolving agent is associated to the substrate, either covalently or 
non-covalently, to generate a pair of diastereomers. The diastereomers are separated, 
and, through a separate chemical transformation, the substrate is released from the 
resolving agent. This approach has proven to be especially useful if salt formation is 
straightforward, as in the case of amines and carboxylic acids 42b. In the synthesis of the 
Jacobsen-ligand 1 (see Scheme E.1, Chapter Experimental), the classical resolution of 
trans-1,2-cyclohexanediamine is shown as second reaction step.  
2.3.3.2 Kinetic resolution 
Kinetic resolution (KR) involves using a chiral catalyst or reagent to promote the 
selective reaction of enantiomers of a racemic substrate (S) and product (P), after 
which the desired component is isolated. The formed product may or may not be chiral. 
The basic mechanism of a catalytic KR is presented in Scheme 2.1. 
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Scheme 2.1  
There is practical difference between the classical and kinetic resolution. While 
under normal conditions, enantioselective reactions of prochiral substrates yield 
product of constant ee, the ee obtained in a kinetic resolution changes as a function of 
conversion. It is common for the ee of the product of an enantioselective 
transformation to change during the course of the reaction, particularly in the late 
stages. This is often encountered when the catalyst undergoes decomposition to a 
species that is still catalytically active, but poorly or non-enantioselective. From the 
perspective of preparative synthesis, certainly the most attractive aspect of kinetic 
resolutions is that unreacted substrate can be recovered in high ee (e. g. > 99 %).  
2.3.3.3 Dynamic and Parallel Kinetic Resolutions 
Dynamic and parallel kinetic resolutions also rely on the different reactivity of 
substrate enantiomers toward a chiral catalyst. However, they are also quite different 
from standard kinetic resolutions because in principle the catalyst is always 
encountering a racemic or nearly racemic substrate (S). In a dynamic kinetic resolution, 
the substrate undergoes racemisation at a rate greater than that of its transformation to 
product (P) (see Scheme 2.2). 
Scheme 2.2  
Under such circumstances, the resolution reaction product can theoretically be 
isolated in a 100 % yield 46b. In a parallel kinetic resolution, both enantiomers undergo 
the reaction at comparable rates, yielding the different products 47. Except in those 
cases where both enantiomers can be employed productively, resolutions have a 
maximum yield of 50 % based on the racemic starting material 48.  
SS + SR  +  reagent 
chiral catalyst
SS + PR  
separation
SS + PR
(racemic substrate) (isolated)
S=substrate; P=product 
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SS PS
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k i
n
v
k
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v
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2.3.4 Asymmetric epoxide ring opening reactions  
There are several types of epoxides that cannot be obtained easily 
enantiomerically pure by asymmetric catalysis (e.g. terminal epoxides and trans-
epoxides), despite recent advances in the asymmetric catalytic epoxidations 41, 45, 49. 
However, these epoxides are readily available as racemic mixtures, so by using kinetic 
resolution (KR) the enantiomerically pure materials can be obtained 15, 46. 
Among available methods for the preparation of enantioenriched epoxides, the 
Sharpless-epoxidation has had the most profound impact of any asymmetric catalytic 
reaction discovered thus far, providing easy access to highly enantioenriched epoxy 
alcohols 17, 33. More recently, the epoxidation of unfunctionalised, conjugated olefins by 
chiral (salen)Mn(III) 2 complexes has enabled the practical synthesis of certain classes 
of enantiomerically enriched epoxides 14, 33. Indirect routes to enantiopure epoxides 
involving asymmetric catalytic dihydroxylation or reduction reactions have also proven 
to be highly valuable in specific contexts 14, 15. Despite the considerable advances in the 
asymmetric catalytic synthesis of epoxides, to date no general methods have been 
identified for the direct preparation of highly enantioenriched 1-oxiranes, the most 
valuable class of epoxides for organic synthesis 15, 17, 18, 41, 43, 45. 
Several pharmaceutically active compounds have been synthesised on lab-scale 
using ARO KR technologies as key asymmetric transformation. Chiral amino alcohols 
have a rich history as asymmetric ligands and are a prominent pharmacophore in 
several classes of drugs 41. Both cis and trans amino alcohol products are accessible in 
enantioenriched form via the Asymmetric Ring Opening (ARO) of meso-epoxides 50, 51a. 
For example, the asymmetric synthesis of enantiomerically pure trans-amino alcohols 
was performed through a straightforward deprotection-reduction-recrystallisation 
sequence, using TMSN3 as nucleophile 51, 52. 
The ARO desymmetrization reaction was the key transformation in the synthesis 
of carbocyclic nucleoside analogues, such as Carbovir, which is useful in the treatment 
of viral infections 16b. Other applications include key intermediates in the synthesis of 
prostaglandins 53, allosamizoline (a component of the allosamidin family of chitinase 
inhibitors) 54, Balanol (a natural product inhibitor of protein kinase C) 55 and the 1,2-
aziridinomitosene ring system of mytomycin antitumor antibiotics 56. The kinetic 
resolution application was also used in the synthesis of the -blocker (S)-propanolol 
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and the antiviral agent (R)-9-[2-(phosphonomethoxy)propyl]adenine (PMPA) 52a, as 
well as the natural product taurospongin A 57 (see Figure 2.5). 
Figure 2.5 Some biologically active compounds synthesised using the ARO as key 
asymmetric transformation.  
The use of terminal epoxides as chiral building blocks is perhaps best illustrated 
by the fact that the few examples for which effective catalytic approaches exist, have 
found extensive use in asymmetric synthesis, such as glycidol and a number of its 
derivatives 39 and epichlorohydrin from (±)-2,3-dichloro-1-propanol 58, 59.  
2.3.4.1 Mechanism of Asymmetric Ring Opening reactions 
While the principal application of asymmetric catalysis is clearly toward 
enantioselective or dia-stereoselective reactions, a chiral catalyst can also exert 
regiochemical control on a chiral substrate 47, 52. A different manifestation of the same 
concept can be envisaged in which the two enantiomeric partners of a chiral catalyst 
affect a complementary regioselectivity on an enantioenriched substrate 52b. The 
principle can be grasped more easily by illustrating the nucleophile ring opening of 
epoxides with a chiral catalyst in Scheme 2.3 18. 
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Scheme 2.3  
There are several examples for the enantioselective nucleophile ring opening of 
meso-epoxides 17, 60a, where catalyst enantioselectivity manifests itself through a 
selective nucleophile attack at one of the enantiotropic C-O bonds (see Figure 2.6). 
Naturally, the mirror-image catalyst reacts with the same selectivity at the other C-O 
bond, leading to the enantiomeric product in identical ee. In the case of an 
enantioenriched chiral epoxide, the same selectivity principles could result in 
enantiomeric catalysts and in region complementary products 60b. 
Figure 2.6 Schematic representations of the (a) side-on approach model for olefin 
epoxidation by chiral metal salen complexes, (b) and (c) Possible modes of epoxide 
activation for the asymmetric ring opening by similar catalysts.  
Elements of stereo chemical communication between substrate and ligand in 
olefin epoxidation (see Figure 2.6 (a)) might also apply to epoxide activation by a 
metal(salen) complex, e.g. manganese salen complexes (see e.g. Figures 2.6 (b) and (c)) 
16, 44
. The apparent relationship between the transition state for epoxidation and the 
ground-state structure of epoxides coordinated to metal complexes would presuppose a 
mechanism of the ring opening, involving activation of the epoxide by a chiral, Lewis 
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acidic metal salen complex. Figures 2.6 (b) and (c) show the possible nucleophile 
delivery during the activation of the epoxide by a chiral metal salen complex. 
Given that chiral salen complexes are remarkably effective catalysts for the 
asymmetric epoxidation of simple olefins, similar systems have been considered as 
possibly useful in epoxide ring opening reactions 16, 44a, 60c, 61. An asymmetric 
epoxidation with manganese salen complexes might be described as a simplified stereo 
chemical model for oxygen atom transfer, in which the alkene attacks the oxygen atom 
of the metal oxo intermediate in a side-on approach (Figure 2.6 (a)). Studies of 
epoxidation catalysis showed that Mn(salen) complex 2 would not emerge as an 
effective catalyst for the epoxide ring opening because it doesn t coordinate to epoxides 
to a measurable extent; is therefore unlikely to serve as a Lewis acid catalyst 18. In 
asymmetric epoxide ring opening reactions several (S,S)- or (R,R)-salen complexes 
were identified as active catalysts that can serve in the dual role of Lewis acid activator 
of the epoxide and as the counter-ion for nucleophile delivery 51b, 62, 63 (the denotation 
(1-4 ) of the here mentioned metal-salen complexes refer to Figure 2.4).  
2.3.4.1.1 Mechanism of (salen)Cr complex catalysed ARO of meso-epoxides 
The mechanism of Asymmetric Ring Opening reactions can be explained by the 
example of the with (salen)Cr complexes 4 catalysed ARO of meso-epoxides 16, 52, 64. 
This highly enantioselective catalytic desymmetrization of meso-epoxides through a 
nucleophile ring opening was first effectively demonstrated by Nugent 65. 
Soon after the discovery of the (salen)Cr-catalysed ARO by Martinez et al. 16 it 
became apparent that the catalyst performs a dual role. The active catalyst was found to 
be not the chloride complex 4 a (Cr-Cl) (see Figure 2.4), but rather the corresponding 
azide complex 4 b (Cr-N 3) 51b. The azide complex 4b generated after the first cycle was 
isolated and based on elemental analysis and FTIR found to be (salen)CrN3 complex 4b 
17, 18, 51, 52, 61
. This could be demonstrated with the reaction of cyclopentene oxide with 
TMSN3 18, 51, 66, as displayed in Figure 2.7. 
Epoxides bind complex 4b in an axial coordination, allowing for the formation 
of the intermediate of the active catalyst as (salen)Cr(N3)(epoxide). The fact that the 
catalyst is capable of activating both the nucleophile and the electrophile reacting 
partners of the ARO 14, 16, 52, 53 brings forth the question how this catalyst system 
actually operates. To find the answer two facts have to be considered: (1) epoxide 
complexation is critical for catalysis because donor ligands such as THF severely inhibit 
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the ARO; (2) the azido ligand in 4b serves as the nucleophile in the ARO. Ring opening 
was found to occur with nearly complete regioselectivity for the terminal position. The 
resulting 1-azido-2-siloxy intermediates (4b*L) are easily converted to the desired 1,2-
amino-alcohols, compounds of interesting synthetic use. 
Figure 2.7 Catalytic mechanisms for the Cr(III)Cl-salen complex catalysed ring opening 
of epoxides by TMSN3.  
2.3.4.2 Mechanism of the Hydrolytic Kinetic Resolution (HKR) 
The catalytic methods for the enantioselective desymmetrization of meso-
epoxides by a nucleophile ring opening have been extended to the kinetic resolution of 
terminal epoxides 13-18, 41, 45. The ready accessibility of terminal epoxides in racemic 
form makes the kinetic resolution of terminal epoxides with different nucleophiles, 
such as water, benzoic acid or phenol, possible. Using these effective nucleophiles, the 
development of routes to enantiopure 1,2-diols, 1,2-diol mono-esters and -aryloxy 
alcohols via epoxide ring opening reactions became possible (see Scheme 2.4) 62, 67, 68. 
The HKR was discovered unexpectedly during investigations of the reactions of 
epoxides catalysed by Co(salen) complex 3a with carboxylic acids 69 in efforts to extend 
this methodology to the kinetic resolution of racemic epoxides 52a. HKR reactions are 
typically carried out without a solvent 15, and the resolved epoxide and diol product are 
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often easily separated by distillation or extraction 13. Catalyst 3a is available at low cost 
at any scale and is used at low loadings (0 .2 - 2.0 mol %) without activity or selectivity 
loss. 
Scheme 2.4  
Kinetic studies carried out on the HKR using Co based salen complexes 3 have 
allowed the formulation of a complete rate expression for this reaction 13, 14, 15, 41, 64, 70b. 
The most salient feature of the HKR as well as of other (salen)metal-catalysed epoxide 
ring opening reactions is the second-order dependence on the catalyst concentration 18, 
51, 64
. 
The acetate complex 3 c (Co -OAc), prepared by the aerobic oxidation of 
(salen)Co(II) 3a in the presence of acetic acid, has been the most widely used catalyst 
to date 13, 14a; however, beneficial effects of other counter ions on catalyst reactivity have 
been noted 70b. Given the second-order dependency on Co catalyst 3a, a cooperative 
bimetallic mechanism for the HKR analogous to other ARO reactions with (salen)-
metal complexes was considered (See Scheme 2.5). 
Scheme 2.5  
Within the context of this general ARO mechanism, the simplest system involves 
the intermediate (salen)Co-OH complex 3b serving as both nucleophile and Lewis 
acidic component (see Scheme 2.6). Despite the presence of several other potential 
Lewis bases in the reaction medium (epoxide, water, diol), kinetic data are consistent 
with water complex 3b*H 2O being the dominant nucleophile component in the rate-
determining bimetallic step. Water and epoxide bind with a similar affinity, which is an 
(R,R)-3c
+ +
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Nu= OH; OCOPh; OBz
racemic mixture
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M XONuM +
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unexpected but crucial factor for an efficient reactivity over a range of conditions. 
Independent experiments established that diol does not bind noticeably to the catalyst 
71
. 
Scheme 2.6  
Unfortunately, it was not possible to characterize 3b directly, in contrast to the 
(salen)Cr catalysed ARO of epoxides with azide 18, 51b or the (salen)Co catalysed 
phenolic kinetic resolution 62, where the corresponding (salen)metal-Nu species could 
be isolated and characterized fully. Intermediate 3b was generated in situ from 3h 
during the epoxide hydrolysis; there are several indication that this compound is 
indeed the intermediate 15, 69. Accordingly, the counter ion dependency on the rate of 
the HKR could be proven mechanistically. 
The rate of the counter ion addition depends both on the nucleophilicity of the 
bonded counter ion and the Lewis acidity of the corresponding Co-X complex, because 
both the rate of the irreversible counter ion addition and the rate of the HKR depend on 
the concentration of Co-X. The catalyst partitioning near the end of the reaction is 
expected to vary at different catalyst loadings and can be controlled by converting Co-
OH into Co-X by the addition of HX (see Scheme 2.6). The degree of this partitioning 
changes during the course of the HKR as a function of an irreversible X-group addition 
to the epoxide. Remarkably, this has relatively little effect on the enantioselectivity, 
which can be ascribed to the fact that the counter ion occupies the site trans to the 
bound epoxide. 
Thus, changes in the catalyst concentration have an exponential impact on the 
rate of the reaction. In practice, this places a severe limitation on how low a catalyst 
loading can be employed to reach a high enantiomeric excess (> 98 % ee) with slow-
reacting epoxides 15. Both epoxide enantiomers bind to Co-OH complex 3b with a 
similar affinity. Thus, the high selectivity in the HKR does not result from a selective 
bonding to the chiral catalyst, but instead from a selective reaction of one of the 
epoxide complexes.  
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The loss of active catalyst as a result of reduction (3 c to 3 a) is often observed in 
HKR reactions, particularly towards the final stages of the resolution process 17. This 
problem can be overcome by the addition of excess water, the use of higher catalyst 
loadings 45, or the use of stronger Brønsted acids to activate the catalyst. The choice of 
the acid is important because if the conjugate base is too nucleophile it will open the 
epoxide ring and the benefit will be lost. Electron deficient benzoic acid derivatives or 
sulfonic acids have been found to provide the optimal catalysts for slow-reacting 
substrates 13, 14, 16, 42. 
Catalyst 3 f (Co -OTs) was found to be less effective than 3 c (Co -OAc) with 
aryl-, vinyl-, and alkynyl-substituted epoxides, presumably because of less selective SN1 
pathways. For such substrates, less Lewis acidic catalysts such as 3c remain the most 
effective. The chloride complex 3 h (Co -Cl) effected the counter ion addition the most 
rapid among the catalysts examined. Catalyst complexes bearing very non-nucleophile 
counter ions (e.g., 3 g (Co -SbF6) ) were unreactive when purified carefully. J acobsen et 
al. 15 found that the hydrolytic reactivity of the purified SbF6 complex could be initiated 
by the addition of a non-coordinating Brønsted base such as 2,6-lutidine, presumably 
by de-protonation of coordinated water to generate 3b (Co-OH). 
The (salen)Co(II) complex 3a efficiently catalysed the HKR of a variety of 
terminal epoxides due to its remarkably insensibility of the steric properties of terminal 
epoxide substrates, as substituents ranging from methyl to cyclohexyl to tert-butyl 
groups are accommodated in the kinetic resolution 13, 14, 17. However, their most efficient 
reaction is the addition of carboxylic acids to epoxides. 
In order to overcome the rate limitations on the HKR imposed by the second-
order dependency on the catalyst concentration, attempts have been made to increase 
the reactivity of catalyst 3 a (Co ) by linking multiple reactive metal centres together 18. 
These novel oligomeric (salen)Co(III) complexes are more reactive than the monomeric 
catalyst by several orders of magnitude 64. The notion of a complex serving as both pre- 
and co-catalyst is new in asymmetric catalysis. Indeed, an irreversible change to a 
catalyst during the course of a reaction, as is the case in the HKR, is generally seen as 
detrimental to highly enantioselective processes. 
Once the identity of an active catalyst for the HKR was established 15, the 
development of a practical method for the preparation of highly enantioenriched 
terminal epoxides proved remarkably straightforward 48, 71. The HKR process was 
quickly industrialised to provide commercial access to several important chiral building 
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blocks such as propylene oxide, propylene glycol, epichlorohydrin, 3-chloro-1,2-
propanediol and methyl glycidate in high enantiomeric excess at large scale (> 100 kg 
batches) 15, 17, 18, 41, 45, 58.  
2.3.5 Epoxide ring opening reactions  
2.3.5.1 Kinetic resolution with TMSN3 as nucleophile 
The first asymmetric epoxide ring opening (ARO) reaction found to be catalysed 
by (salen)metal complexes was the desymmetrization of meso-epoxides with TMSN3, 
discovered by J acobsen et al. 16, 51-53, 64b two years prior to the Hydrolytic Kinetic 
Resolution (HKR). This reaction is catalysed by (salen)Cr(III) complexes 4 (see Figure 
2.4) and shows good to excellent enantioselectivities for epoxides derived from cyclic 
olefins, but a lower selectivity with a-cyclic meso-epoxides. Martinez et al. 16 obtained 
the best results with 5-membered ring substrates; with cyclohexene oxide could be 
produced lower, but still useful ee s. Larger ring epoxides performed poorly, with 
cyclooctene oxide being completely unreactive. These results were explained by the fact 
that Cr containing catalysts 4 are quite sensitive to the steric environment surrounding 
the epoxide 51, 52. 
Complex (salen)Cr(III)Cl 4a serves as an effective catalyst for the 
enantioselective ring opening of a variety of meso-epoxides (see for example Scheme 
2.7). Complex (salen)CrN3 4b catalyses the ring opening of epoxides with TMSN3 with 
virtually the same enantioselectivity as 4 a (Cr-Cl). A distinct synthetic advantage for 
using 4b in catalytic ring opening reactions is that the chloride addition side product 
observed using 4a is avoided. Azide complex 4b can be synthesised from complex 4a 
52-53
. 
Scheme 2.7  
The ARO reaction was extended to the kinetic resolution of racemic terminal 
epoxides by Larrow et al. 52 to provide 1-azido-2-trimethylsiloxyalkane derivatives in 
high enantiomeric excess and 2,2-disubstituted epoxides where the unreacted epoxides 
could be isolated in high ee 57.  
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Epichlorohydrin was also found to undergo dynamic kinetic resolution with 
TMSN3, yielding (S)-3-azido-1-chloro-2-trimethylsiloxy-propane in 97 % ee and 76 % 
yield based on the racemic epoxide 72. This product was used in the synthesis of the 
novel aryl oxazolidinone antibiotic U-100592 51, 52, 72. 
ARO/ KR reactions are usually performed in the absence of a solvent, and the 
product can often be recovered in nearly quantitative yield by vacuum distillation 15. 
Furthermore, the catalyst residue (4b) is recyclable 17. Contrary to e.g. the ARO with 
water, the commercialisation of the KR technology with TMSN3 has not advanced due 
to the high capital costs inherent to the handling of azides on large scale 16, 44, 47, 60.  
2.3.5.2 Hydrolytic Kinetic Resolution with carboxylic acids as nucleophile 
Another group of interesting nucleophiles could be carboxylic acids. An initial 
screening revealed that benzoic acid and its derivatives proved to be the most useful 
nucleophiles from the perspective of reactivity and selectivity. Additional advantages 
are their low cost and ease of handling, and their reaction with epoxides provides a 
direct and appealing route to 1,2-diol monoesters 69, 73.  
The search for a practical access to valuable C2 symmetric diols 69 in mono-
protected form in high enantiomeric purities from inexpensive starting materials led to 
the development of a system for the catalytic enantioselective ring opening of meso-
epoxides with benzoic acid over cobalt and chromium based J acobsen s catalysts 15, 17. 
Jacobsen et al. 69 reported that Co(salen) complex 3a catalysed the addition of 
carboxylic acids to meso-epoxides. Catalyst 3a was previously found to be a pre-catalyst 
that is oxidized by air in the presence of benzoic acid, generating the corresponding 
(salen) Co(III)(benzoate) complex 3d in situ 13. Complex 3d catalyses the ring opening 
of meso-epoxides with benzoic acid with moderate to good enantioselectivities (see 
Scheme 2.8) 13-15, 17, 18, 69. The oxidation of the catalyst is inhibited by the amine i-Pr2NEt 
(N-ethyldiisopropylamide (Hünigs´ base)), which helps to improve the 
enantioselectivity and yield. 
Over Cr(III)Cl salen complex 4a the 1,2-cyclohexanediol monobenzoate ester 
was obtained with 43 % ee, whereas over Co(II) salen 3a a 68 % ee was found. The 
enantiomeric purity of the benzoate ester could be enhanced even further via re-
crystallisation; the cyclohexane diol monobenzoate ester, obtained in a yield of 77 % ee 
from the ring opening, was obtained in 98 % ee and 75 % overall yield after re-
crystallisation from CH2Cl2/heptane 17, 69. 
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Scheme 2.8  
The ARO of meso-epoxides with benzoic acid catalysed by (salen)Co(III) 
complex 3 d  displayed good to excellent enantioselectivities 16, and the highest ee s were 
obtained with aromatic substituted epoxides such as cis-stilbene oxide 41, 69. This 
strategy has been effectively used for the preparation of glycidyl butyrate by opening 
resolved epichlorohydrin with butyric acid, followed by ring closure of the chlorohydrin 
to the epoxide (see Scheme 2.9) 16. 
Scheme 2.9  
2.3.5.3 Hydrolytic Kinetic Resolution with water as nucleophile 
The substrate limitations of (salen)Mn-catalysed asymmetric epoxidations 10 , 11 
were successfully overcome with the discovery of the kinetic resolution of racemic 
terminal epoxides with water, catalysed by chiral (salen)Co(II) complexes 3a or 3c, to 
produce highly enantioenriched epoxides and 1,2-diols 14, 41. This reaction proceeds as 
described in Scheme 2.4, with Nu = OH. 
This HKR was shown to be extraordinarily general, with virtually every terminal 
epoxide examined to date undergoing clean and highly selective resolution 14, 15. Use of 
a slight excess of water (0.55 eq.) allows isolation of the epoxide in > 99 % ee and yields 
close to the theoretical yield (40-45 %) for a wide range of substrates. Notable 
substrates include epoxides with aliphatic substituents of varying steric demand (Me or 
t-Bu), electron-deficient epoxides such as glycidic esters and epoxy ketones and styrene 
oxide derivatives 15. 
Styrene oxide can for example react with water in the presence of Co(II)salen 
complex 3a, producing S-styrene oxide with a 67.9 % isolated yield with 99.6 % ee, 
combined with a 95.3 % yield for R-styrene glycol with 93.9 % ee after re-crystallisation 
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74
. The same substrate could be reacted in the presence of a Co(III)OAc salen complex 
3c, respectively obtaining S-styrene oxide and R-styrene glycol in a 38 % yield and a 98 
% ee 13, 75, without any side products being detected. 
The use of water as the nucleophile has tremendous practical advantages, as it is 
cost-effective, safe, easily handled, of low molecular weight and environmentally 
benign. The rate of water addition can also be used to modulate the rate of the reaction 
to help control the heat output from the reaction. 
For kinetic resolutions, in which recovery of the unreacted substrate is the goal, 
a cheap and easily handled reagent is obviously desirable for the resolution. The 
product of the reaction, in this case 1,2-diols generated by the hydrolysis, ideally are 
valuable chiral building blocks for various organic syntheses. The HKR could provide 
direct access to both unreacted epoxides and 1,2-diol products in high enantiomeric 
excess and yield 18, 41, 45. Together, these factors make the HKR process one of the most 
practical asymmetric transformations discovered to date 13, 15.  
2.3.5.4 Hydrolytic Kinetic Resolution with phenol as nucleophile 
The high selectivity s obtained in the HKR of terminal and meso-epoxides (see 
Scheme 2.5) with catalyst 3b suggested that (salen)Co(III) complexes 3 might also 
serve as effective catalysts for the enantioselective addition of phenols to epoxides. 
Ready et al. 62 has proven this strategy successful. Among other classes of nucleophiles, 
phenols were found to be outstanding nucleophiles for the epoxide resolution with 
Co(II) complex 3a as a pre-catalyst 15, 62, 69. The electron deficient phenols and 2,6-
lutidinium p-toluene sulphonate (LPTS) have proven to be the most practical activators 
in this reaction 41, 76. 
This reaction medium offers a highly practical enantioselective route to -
aryloxy alcohol systems, which are prominent pharmacores (see Scheme 2.11) 15, 16, 41, 45, 
62, 69, 77b
. In principle, several routes, including the asymmetric reduction of aryloxy 
ketones 78, or the ring opening of enantiopure terminal epoxides with phenols, may 
provide access to these building blocks. 
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Scheme 2.11  
Only few catalytic methods have been developed for the phenolic ring opening of 
terminal epoxides, among which the route based on a Co(salen) J acobsen catalyst 3a. 
They reported high selectivity s for the reaction of (±)-1,2-epoxyhexane with phenol in 
the presence of a Co(III)OAc salen complex 3c and TBME, obtaining a 61 % phenol 
conversion after 55 h at room temperature, with a 94 % ee for 1-penyloxy-2-hexanol 13, 
18, 62
.  
Ready et al. 62,  64 screened a series of terminal epoxides in the kinetic resolution 
with phenol. Both electron-rich and electron-poor epoxides, as well as epoxides with a 
range of steric properties, reacted with complete regioselectivity, to provide the 
corresponding -aryloxy alcohols in excellent yields and ee s. 
The dynamic kinetic resolution of epibromohydrin represented a particularly 
useful transformation, as the ring-opened product could be elaborated further to 
differentiated aryl glycidyl ethers or aryloxy propanol-amines. Aryl glycidyl ethers have 
been used for the manufacture of several -blockers marketed today, including (S)-
propanolol (see Figure 2.6) 13, 14, 16, 41, 42. 
Nonetheless, despite the recent discovery of general methods for accessing 
terminal epoxides in high optical purity, the development of routes to enantiomerically 
pure -aryloxy alcohols via an epoxide ring opening with phenols remains an only 
limited solved problem.   
2.4 Synthesis and mechanism of M41S type and related materials  
The discovery of the M41S family materials by Mobil researchers 79, 80, the first 
family of silicate- and aluminosilicate molecular sieves with ordered mesopores, has led 
to a boom in research. The M41S type materials expand the range of available pore sizes 
of molecular sieves substantially 81. The most extensively studied subgroup of the M41S 
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family is MCM-41 (Mobil Com position of Matter No. 41), which consists of a hexagonal 
array of uniform mesoporous channels with a size in the 15-100 Å range 80. Two other 
main subgroups are the cubic phase MCM-48 82-84, and the non-stable lamellar phase 
85
. The latter can be stabilised via a post synthesis treatment with tetraethyl 
orthosilicate (TEOS), resulting in the formation of MCM-50 79c-d. Figure 2.9 shows the 
structure of these members of the M41S family. 
Figure 2.8 Pore models of mesostructures with different symmetries of (A) P6mm 
(MCM-41), (B) Ia3hd (MCM-48), (C) P6mm (SBA-15), (D) Fd3m (lamellar, MCM-50), 
(E) Pn3m, (F) Pm3m (SBA-1), (G) Im3m, (H) Fm3m.  
The unit cell constant a0 of MCM-41 materials can be calculated from 2d100/ 3 
79, 86
. A typical X-ray diffractogram (see Figure 2.9) normally consists of a few peaks in 
the low angle 2 region, e.g. a main d100 reflexion at 39.8 Å, and several weak high-
order reflexions, such as the d110, d200 and d210. The pure MCM-48 mesophase displays 
a main d211 reflexion at for example 33.0 Å in the low angle 2 region, and several high-
order well-resolved reflexions such as d211, d420, d332, d431. The d-spacing s are 
compatible with the cubic Ia3d space group. 
(A) (B) (C) (D)
(E) (F) (G) (H)
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Figure 2.9 Powder XRD patterns of calcined AlMCM-41 and AlMCM-48.  
The preparation of mesoporous M41S materials has extended the structure-
directing or templating concept 79, 80, 82b, 87, 88. In the syntheses of M41S materials 
functional templating agents such as quaternary ammonium surfactant molecules 
(large organic amphiphilic molecules with a hydrophilic head group and a hydrophobic 
tail 88f, 89, 90b) of the type CnH2n+1N(CH3)3X (n is an even number between 6 to 22; 
X=OH/ Cl, OH, Cl, Br or HSO4) are used 79. A difference with zeolite preparation is that 
here associates of template molecules are applied 81. A schematic phase diagram of 
cetyltrimethyl ammonium bromide (C16TMABr) in water, an often-applied MCM-41 
templating agent, is shown in Figure 2.10; surfactants tend to self-organise depending 
on temperature and concentration. 
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Figure 2.10 Schematic phase diagram of C16TMABr in water.  
Mobil workers have postulated a liquid crystal templating (LCT) mechanism, in 
which supramolecular assemblies of cationic alkyl-trimethyl-ammonium surfactants 
serve as template components for the formation of MCM-41 materials 79, 80. The LCT 
mechanism can be divided into two pathways, where the formation of MCM-41 is (1) 
liquid-crystalline phase initiated, or (2) silicate anion initiated (see Figure 2.11). 
Pathway (1) suggests that a system with large concentrations of template self-organises 
into a liquid-crystal phase, for instance hexagonal H1, before being encapsulated by 
inorganic species, which then condense into rigid walls 91a. 
Figure 2.11 Liquid crystal templating (LCT) mechanism proposed for the formation of 
MCM-41; (A) liquid crystal phase initiated and (B) silicate anion initiated.  
Pathway (2) proposes that the inorganic species participate in the ordering 
process of the surfactant-inorganic mesophase and influence its morphology. The 
support for pathway 2 is growing as (i) M41S materials are often prepared in the  
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presence of surfactant concentrations far below the Critical Micelle Concentration 
(CMC) and (ii) hexagonal, cubic and lamellar structures may be formed by varying only 
the silica concentration, indicating that no pre-existing liquid-crystal phase is required 
79e, 88c, 89, 92
. 
The LCT mechanism has been confirmed by several researchers 82, 84, 93-96. 
Vartuli et al. 88b studied the effect of the surfactant/ silica molar ratio on the formation 
of mesoporous molecular sieves. Some of these were prepared by varying the surfactant 
to silicon molar ratio. As the surfactant (C16H33(CH3)3N+) to silica molar ratio increased 
from 0 .5 to 2, the siliceous products obtained could be classified into four groups: 
MCM-41 if the ratio was less than 1; MCM-48 if the ratio was beyond 1; the thermally 
unstable lamellar phase and the cubic octamer [(CTMA)SiO2.5]8 if the ratio approached 
2. 
Chen et al. 93, Steel et al. 91b, and Monnier et al. 91c proposed other variations on 
the LCT mechanism, such as different types of organisation of the hexagonal 
mesophase. The cooperative templating theory proposed by Firouzi et al. 91d over the 
formation of MCM-41 by transformation from the lamellar to the hexagonal phase is 
not agreed upon by other author s 91e-f. Solid-phase transitions were among others 
observed by Huo et al. 97e. Liu et al. 91f noticed the formation of ordered mesoporous 
materials via heterogeneous nucleation. 
The pore size of MCM-41 is a function of the alkyl-chain length of the surfactant 
used. Varying the number n from 6 to 22, the pore diameter increases from 15 Å to 45 Å 
79, 90c, 98-101
. Pore diameters up to 100 Å can be prepared using auxiliary organics or 
expander molecules 79, 80. Kresge et al. 89, 92 have described pores with a d-spacing of 
120 Å. Other methods of pore size enlarging have been reported by Khushalani et al. 97c, 
Anwander et al. 102a and Ryoo et al. 102b. 
M41S materials are normally prepared in strongly alkaline media. Under these 
conditions (pH 11-12), composite formation is dominated by strong, direct interactions 
between positively charged surfactant molecules and aggregates (S+) and negatively 
charged inorganic silica solution species (I) and the subsequent intermolecular 
interactions among the resulting molecular ion pairs (S+I-). Huo et al. 103d were able to 
synthesise a broad range of mesoporous materials, just by different combinations of 
surfactant and soluble inorganic species. Figure 2.12 shows the corresponding synthesis 
pathways. A new concept of charge balance resulted in the discovery of a neutral 
templating route by Pinnavaia et al. 79c-f, 97a-b, 104. Here, hydrogen bonding interactions 
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between non-ionic surfactants, such as neutral primary amine micelles (S°) and neutral 
inorganic precursors (I°) play a key role in determining the morphology of the 
mesophase (S°I°).  
2.4.1 Mesoporous Silica with periodic 50 to 300 Å pores  
The use of amphiphilic triblock-copolymers 105 to direct the organisation of 
polymerising silica species has resulted in the preparation of the well-ordered 
hexagonal mesoporous silica structure SBA-15, with uniform pore sizes of up to 
approximately 300 Å. The conventional SBA-15 materials are synthesised in acidic 
media to produce highly ordered, two-dimensional (2D) hexagonal plane group 
symmetry (space group p6m m ) silica-block copolymer mesophases 32, 77, 86, 97, 106-109. 
SBA-15 has complementary micropores on its walls, which are generated from a partial 
occlusion of poly(ethylene oxide) (EO) chains of the copolymers into the silica wall 108. 
Compared to three-dimensional (3D) cubic mesoporous materials the 1D pore channels 
of SBA-15 have the disadvantage of slow diffusion and transport of large molecules, 
which limits their expensive applications in catalysis and separation. 
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Figure 2.12 Synthesis pathways using different combinations of surfactant and soluble 
inorganic species.  
The small-angle XRD pattern for mesoporous silica SBA-15 shows four well-
resolved peaks (see Figure 2.13) that can be indexed as d100, d110, d200 and d210 
reflexions, associated with a 2D p6mm hexagonal symmetry 106. The repeat distance a0 
between the two nearest pore centres of a hexagonal cell unit for SBA-15 type materials 
can be calculated from 2d100/ 3 79, 86; here, the d100 peak reflects a d-spacing of 95.7 Å.  
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Figure 2.13 Powder X-ray diffraction pattern of calcined AlSBA-15.  
SBA-15 can readily be prepared over a wide range of uniform pore sizes and wall 
thicknesses, yielding a thermally stable product 32f , 86. Fan et al. 109 reported on the 
successful synthesis of a 3D SBA-15 with many nanosized (20-80 Å) connections/ -
tunnels, which are randomly distributed between the 1D channels. The pore structure is 
described in Figure 2.14 109.    
A         B     C 
Figure 2.14 Schematic illustration for the pore structure of (a) 2D mesoporous SBA-15 
and 3D SBA-15 with b) 20-30 Å and c) 80 Å (cylinder merging) meso-tunnels on the 
wall.  
Ion-exchange, catalytic and adsorptive properties of molecular sieve materials 
originate from acid sites, which arise from the presence of accessible hydroxyl groups 
associated with tetrahedral framework aluminium in a silica matrix 106, 110. Purely 
siliceous molecular sieve materials have an electrically neutral framework and 
consequently no acid sites. Much effort has therefore been devoted to the introduction 
of aluminium into silica frameworks 12, 92. Typically, aluminium is incorporated into the 
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framework of a silicate material via an aluminium precursor that is added to the gel 
prior to hydrothermal synthesis 79, 80. 
SBA-15 is a purely siliceous phase synthesised in strong acidic media (2 M HCl 
solution) 86, 106, 107. Since most aluminium sources dissolve in strong acids, precipitation 
to incorporate framework aluminium into SBA-15 by direct synthesis seems unlikely 77, 
111
. Previous studies have shown that aluminium can be effectively incorporated into 
siliceous MCM-41 materials via various post-synthesis procedures by grafting 
aluminium onto MCM-41 wall surfaces with anhydrous AlCl3 or aluminium iso-
propoxide in a non-aqueous solution, or with sodium aluminate in an aqueous solution, 
followed by calcination 96, 103, 106, 112. In case of the post-alumination of SBA-15 106, 111, the 
Al2O3 overlayer uniformly covers the SBA-15 pore walls, resulting in blocked 
microporosity 103. Figure 2.15 shows the schematic representation of this procedure. 
Figure 2.15 Schematic representation of the Al-SBA-15 pore structure  
With the discovery of the hexagonal and cubic large-pore mesoporous materials 
SBA-15, SBA-16 and FDU-1, block copolymers have turned out to be valuable 
supramolecular templates for the synthesis of ordered large-pore mesoporous materials 
because of their facile structure-directing ability, low-cost commercial availability, and 
biodegradability 109.   
2.5 Heterogenisation of homogeneous compounds  
The control of stereoselectivity during a reaction is easier with homogeneous 
than with heterogeneous catalysts. On the other hand, heterogeneous catalysts are 
easier to handle than their homogeneous counterparts. Heterogenisation or 
immobilisation of active metal complexes on insoluble supports or carriers might 
therefore be a promising strategy. There are several conceivable strategies for designing 
enantioselective heterogeneous catalysts, all of which aim the creating sites that 
combine catalytic activity with stereo chemical control 81, 113. However, for various 
SBA-15
Al2O3
Al2O3
micropore
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reasons these strategies have thus far not led to the creation of enantioselective 
catalysts with any reasonable technological potential. 
The driving force to immobilise (heterogenise) active metal complexes originates 
from the idea to combine the advantages of homogeneous catalysts with those of 
heterogeneous ones 17. However, many factors can impair the catalytic behaviour of 
immobilised metal complexes, and their control is demanding. Consequently, the 
method of immobilisation has to be adapted carefully to the metal complex, the support 
and the reaction that should be catalysed. 
The more successful strategies are based on the creation of a chiral environment 
for the active sites 5, 7, 23, 127a. These approaches embrace either attaching the active sites 
(e.g. a metal) to a chiral solid matrix (e.g. a support) 7, 23, 121, or attaching (adsorbing) 5 a 
chiral auxiliary to a catalytically active solid surface (e.g. a metal) 15, 17, 36, 44. The most 
promising catalysts thus far are chiral modified metals 23, chiral polymers 5, 114 and 
immobilised (heterogenised) chiral transition metal complexes 123b, 133, 134.  
2.5.1 Supported metal(salen) complexes  
The little industrial use of homogeneous asymmetric catalysis is mainly due to 
the problems of separation and recycling of the expensive chiral catalyst. To overcome 
these drawbacks, very early after the discovery of homogeneous asymmetric catalysis, 
heterogeneous catalysis has been employed, particularly as polymer-supported 
homogeneous catalysis. This methodology was developed in the 1970 s by Kagan et al. 
114 and was used for several catalysts and reactions 115. This method consists of the 
heterogenisation of a homogeneous catalyst by anchoring the catalyst on a solid organic 
115, 116, 117, 118, 119, 120 or inorganic 7, 23, 121 support, to make separation of the catalyst from 
the reaction mixture by for example filtration possible. Another approach is to build up 
an inorganic sol gel 5 or organic polymeric network around a preformed catalyst. 
In 1996 Vankelecom et al. 122, 123 was among the first to propose an inorganic 
support for the immobilisation of J acobsen s catalyst. The catalyst was occluded by 
steric restrictions in an elastomeric type PDMS membrane. This chiral catalytic 
membrane was reported to allow regeneration of the heterogeneous complex, which 
essentially resulted in a similar catalytic activity, product and enantiomeric selectivity 
as found for the homogeneous case. 
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Among the different immobilisation methods 124, grafting by covalent 
attachment of the metal complex via the ligand and a suitable bifunctional linker or 
tether is by far the most important and versatile. Furthermore, heterogenisation via 
embedding or entrapment (encapsulation) is gaining importance. An inherent problem 
of entrapped or encapsulated catalysts is the usually strong diffusion resistance due to 
the limited pore size necessary to avoid leaching of the active complex 124. Therefore, 
entrapped catalytic systems are still far from being practical useful 125. 
Promising alternatives are supported liquid phase catalysts that are used in the 
soluble state and that can be separated from the mixture after the reaction 126. This 
method requires functionalisation of the ligands, but allows for a better prediction of 
the catalytic properties. These types of materials suffer less from mass transfer 
restrictions 127. 
From an industrial point of view, immobilisation of homogeneous catalysts is 
not yet a practical alternative and will only be taken into consideration if the classical 
separation methods, such as distillation and crystallisation, fail. The most important 
problems are the high complexity of heterogenised systems, leading to a poor 
predictability of the catalytic properties, and the unavailability and/ or the high price of 
functionalised and immobilised chiral ligands 5. For the moment, BINAP is the only 
commercially available immobilised chiral ligand 128. Table 2.1 lists some recently 
reported heterogenised catalysts, which may have some potential 23. 
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Table 2.1 Recently developed catalysts based on immobilised chiral metal complexes. 
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2.5.2 The confinement concept
 
According to Thomas et al. 90d, 129 an improved performance of a heterogeneous 
catalyst compared to the homogeneous one can sometimes be explained by the 
confinement concept (see Figure 2.16), in which the substrate s favourable interaction 
with both the pore wall and the chiral direction group is the key point. When compared 
to the situation in solution, this confinement of the substrate inside small pores leads to 
a larger influence of the chiral directing group on the orientation of the substrate 
relative to the reactive catalytic centre. 
Figure 2.16 Schematic representation of the confinement concept .   
2.5.3 Heterogenisation of homogeneous metal salen complexes  
The encapsulation of large complexes within the micropores of zeolites was 
pioneered by Herron 143, who studied the oxidation of alkenes with iodosylbenzene 
catalysed by iron phtalocyanine complexes encapsulated in zeolites NaX and NaY. 
Parton et al. 144 performed analogues studies for the oxidation of alkenes with H2O2 
using the same complexes. 
Ogunwumi and Bein 134 and Sabater et al. 145 have extended the use of 
encapsulation for the enantioselective epoxidation based on the homogeneous 
J acobsen s oxidation catalyst. Hölderich et al. 9-11, 146,-148 reported on the successful 
immobilisation of the Mn(III) salen complex using the ship-in-a-bottle approach, and 
found that the heterogenised catalyst effectively catalysed the epoxidation of olefins 
with ee s similar to those found for homogeneous conditions. 
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Four distinct methodologies have been developed for the creation of 
heterogeneous chiral catalysts. These are: (i) adsorption (grafting), (ii) electrostatic 
interaction, (iii) encapsulation and (iv) covalent tethering 5, 7, 23, 127.  
2.5.3.1 Heterogenisation via adsorption and electrostatic interaction 
The heterogenisation based on adsorption and ion-pair formation relies on 
various adsorptive interactions between a carrier and the metal complex. The easy 
preparation of these systems is a clear advantage, but their sensitivity to solvent effects 
is an important drawback.  
2.5.3.1.1 Adsorption 
Immobilisation of chiral ligands onto surfaces has been one of the major 
pathways to obtain heterogeneous asymmetric catalysts. Catalysts immobilised by the 
adsorption method can sometimes rely only on the van der Waals interaction between 
the catalyst and the support. As this is often only a weak interaction, the catalyst will 
readily leach into the solution, as the catalyst will reach equilibrium between the 
surface absorbed species and dissolved species. The stability of the supported catalyst 
can be improved by modifying both the catalyst and the support to allow hydrogen 
bonding to occur. In practice, chiral rhodium phosphine catalysts were immobilised on 
silica by adsorption 82.  
2.5.3.1.2 Electrostatic interaction 
Many porous solids, including zeolites, zeotypes, ordered mesoporous silicates 
and layered materials, including clays, hydrotalcites, can act as ion exchangers. This 
presents a mechanism for the immobilisation of metal cations and complexes through 
electrostatic interaction. This approach has been used to produce stable heterogeneous 
enantioselective catalysts that exhibit significantly improved catalytic performance 
when compared with their homogeneous counterparts. 
This immobilisation strategy has been used to design asymmetric heterogeneous 
catalysts for alcohol dehydration 112, aziridination 149, epoxidation 79 of alkenes and 
carbonyl and imino-ene reactions 150. The design approach involves the ion exchange of 
suitable cations into the intra-crystalline pores of the acidic form of zeolites such as e.g. 
zeolite Y, or mesoporous solids, e.g. MCM-41, and the subsequent modification of the 
cation with a chiral ligand prior to reaction. In a proof-of-concept, cations within 
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zeolites could indeed be modified to form chiral catalysts 106. This approach was based 
on previous studies using Cu-exchanged zeolite Y for the heterogeneous 
enantioselective aziridination of alkenes 146a, 151, 152. Using this methodology copper(II) 
bis(oxazoline) complexes were immobilised onto zeolite Y and AlMCM-41 149.  
2.5.3.2 Heterogenisation via encapsulation / entrapment 
Encapsulation of a transition metal complex (TMC) inside the cages of for 
example a zeolite fully depends on the respective size of the complex and the cage in 
which it is held to prevent leaching during reaction. Small and regular pores or cages 
are essential requirements for the support, leaving zeolites as excellent candidates for 
this ship-in-a-bottle approach, which is based on building up catalysts inside the well-
defined cages of porous supports 5. Here, the size of the metal complex rather than a 
specific adsorptive interaction is important 7. 
For example, Mn-epoxidation catalysts with different salen ligands were 
assembled inside zeolites 10, 11. For all systems, intra-zeolite reactions and the absence of 
leaching were proven, but no regeneration experiments were reported. Sabater 133 
encapsulated a chiral Mn(III)(salen) complex 2 (also known as J acobsen s catalyst) 
inside the supercage of zeolite Y. The resulting system exhibited a similar catalytic 
activity compared to homogeneous conditions, using bleach as the oxidant in methylene 
chloride (e.g. 74 % ee was obtained in the asymmetric epoxidation of ethyl cinnamate). 
Schuster et al. 10, 146b, 147 in the asymmetric epoxidation of limonene and Cubillos 11 for 
ethyl cinnamate, also found these results. 
Ogunwumi et al. 134 reported on the entrapment of a Mn(III)(salen) complex into 
zeolite EMT, obtaining ee s of up to 88 %; in zeolite Y, Sabater et al. 133 obtained with 
cis- -methylstyrene ee s of up to 58 %. They also proved the epoxidation took place 
inside the cage of the zeolites. However, both entrapped catalysts were found to be 
much less active than their homogeneous counterparts 134. 
Encapsulation is the only catalyst immobilisation process that does not require 
any interaction between the catalyst and the support, because this is the only method 
that attempts to mimic the homogeneously catalysed reaction process. To satisfy the 
conditions of encapsulation, the catalyst must be larger than the pores of the support 
material to prevent loss of the catalyst into solution during the reaction. The supported 
catalyst can be prepared by either (i) assembling the catalyst within the pores of the 
support or (ii) assembling the support around the catalyst, and both of these methods 
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have been used to encapsulate catalysts. The route used for the catalyst encapsulation is 
dictated by the chemistry of the support and the catalyst complex.  
2.5.3.2.1 Encapsulation by catalyst assembly within the pores 
The central manganese ion of J acobsen s complex 2 may also be bonded at ion 
exchange sites on the walls (Figure 2.17 (A)) 152, 153. Additionally, complexation of the 
manganese by oxygen atoms of the host might occur. Also, grafting of the complex by 
formation of Si-O-X-bonds to the mesopore surface 154, where X is the chloride counter 
ion, cannot be excluded. 
The embedding of transition metal phtalocyanine complexes into the pore 
system of Faujasite type molecular sieves X and Y takes place physically, entrapping the 
system, but not necessarily binding it to the internal surface. The structure of the 
J acobsen s complex 2 is related to that of the porphyrin complex. Due to its large 
dimensions, Jacobsen complex 2  does not fit inside Faujasite type materials, but should 
fit easily in the nanosized channels (20 to 100 Å) of ordered mesoporous silicates of the 
M41S family 155, 156. Frunza et al. 135 investigated the capability of such ordered porous 
materials as support for homogeneous catalysts. 
Figure 2.17 Immobilisation of Mn(III)-salen complex in zeolite Y by (A) encapsulation 
10, 147, 152
, (B) via impregnation 135, 163 and (C) ion exchange 70, 152, 153, 156, 159.  
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There are several possibilities to encapsulate J acobsen s complex 2 (see Figure 
2.5) in a mesoporous host due to the different types of possible host/ guest interactions. 
First, J acobsen s complex 2 can be bound to the internal silanol groups on the surface 
via imine groups of the aromatic ring of the complex. The internal surface of the 
molecular sieve is highly hydroxylated and behaves hydrophilic. Imine groups can be 
protonated and hydrogen bonding to the conjugated basic sites may occur, which form 
stable bonds 135. 
Alternatively, tert-butyl-salen complexes were immobilised by simple 
impregnation on Al-MCM like structures 18. The epoxidation of 1,2-dihydronaphtalene 
proceeded with exactly the same activity and enantioselectivity (but lower yields) as the 
homogeneous reaction. No complex leaching was observed. 
Dioos et al. 157, 158 immobilised the Cr(salen) complex 4a on dry silica via 
impregnation and used this material as a catalyst in the ring opening of epoxides with 
TMSN3, resulting in almost 90 % ee. 
Piaggio et al. 152, 153, 159 described an immobilisation method for TMC s based on 
an ion-exchange with the support material. The salen ligand was heterogenised in a 
second step by connecting the Mn2+ ions containing AlMCM-41 support (Figure 2.17 
(B)) in such a way that 10 % of the Mn was ligated. 
This method is typically used to immobilise metal salen complexes within the 
super cages of Faujasite type zeolites 160, 161, 127. Initially, zeolite Y was partially ion 
exchanged with Mn2+, followed by addition of the building units of the chiral ligand 
(salicylaldehyde and trans-(R,R)-1,2-diaminocyclohexane), as shown in Figure 2.17 (C) 
120 , 161
. Schuster 10 later extended this study to other salen type ligands, with a variety of 
transition metals as the active centre. 
To overcome the problem of unfavourable complex-support interactions, 
Hölderich et al. 146, 148 partially dealuminated the zeolite to increase the size of the super 
cage prior to assembling the salen complex, together with extraction to remove any 
immobilised species from the surface of the crystallites. The thus obtained catalyst was 
used for the diastereoselective epoxidation of -pinene and limonene using oxygen. In 
certain cases, over the immobilised catalysts comparable yields; selectivities, but lower 
de s could be observed than those obtained from the homogeneous reaction. This 
approach was also used by Camblor et al. 161 to immobilise a palladium-salen complex 
for the enantioselective hydrogenation of 3-methyl-2-cyclohexanone 162.  
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Kim et al. 70, 164-166 tried to heterogenise metal(salen) complexes containing 
Mn(III), Co(II, III), Ti(IV) centres into MCM-41 by several methods. The 
Mn(III)(salen) complex was immobilised on mesoporous AlMCM-41 using ion-
exchange methods, and their efficiency was examined in the asymmetric epoxidation of 
styrene 70 , 152, 153, 166. Co(II, III) (salen) complexes were immobilised into AlMCM-41 
using the ion-exchange method 166. The thus obtained materials were found to be active 
in the enantioselective hydrolysis of epichlorohydrin and styrene oxide, achieving ee s 
of over 90 %. These results led to further attempts immobilising the Co(II, III)(salen) 
complexes into AlMCM-41 by other methods such as impregnation. These catalysts 
were active in the HKR of racemic epoxides to form diols, resulting in about 60 % ee for 
epoxy-cyclopentane, about 80 % ee for epichlorohydrin and epoxy cyclohexane, and 
over 90 % ee for styrene oxide and 1,2-epoxyhexane, respectively 163.  
2.5.3.2.2 Encapsulation by formation of the support around the catalyst 
Encapsulation of complexes by formation of the support around the catalyst has 
mainly been achieved with silica-based supports. These can be divided into pure silica 
supports and poly-dimethylsiloxane (PDMS) films. Using sol-gel processes, the support 
is polymerised around the pre-formed complex, thus leading to encapsulation. One 
drawback of this method is that the pore diameters and pore openings are poorly 
defined compared to supports such as zeolites. This can have either a positive or a 
negative effect on the ee, but will always have a strong negative effect on the rate of 
reaction because of the introduction of severe diffusion limitations. 
PDMS films have been used to immobilise Rh-MeDuPHOS for the 
enantioselective hydrogenation of methyl-2-acetamidoacrylate (in water) and methyl-
acetoacetate (in methanol) 135, 122. J amis et al. 127b studied the immobilisation of Rh-
BPPM and Ru-BINAP complexes by entrapment within a silica matrix using sol-gel 
chemistry, and used these materials to study the hydrogenation of sodium -
acetamido-cinnimate. 
A promising example was reported by the group of J acobs, who entrapped 
J acobsen s Mn-salen epoxidation catalyst and Noyori s Ru-BINAP hydrogenation 
catalyst in polydimethylsiloxane (PDMS) 122. Leaching was found to depend strongly on 
the size and the solubility of the metal complex and the swelling of the polymer. The 
best ee s obtained were 50 % for the epoxidation of 1,3-cyclooctadiene and 92 % for the 
hydrogenation of methyl-acetoacetate in the presence of toluene-p-sulfonic acid 167. 
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J acobsen s group has attached chiral Co(III)(salen) complexes to polystyrene 
and silica gel and used these polymeric catalysts in the hydrolytic kinetic resolution of 
terminal epoxides (see Scheme 2.13), such as for example epichlorohydrin 118, 119. 
Scheme 2.13  
The advantage of the insoluble catalyst Co(III)(salen) complex 3c in the dynamic 
kinetic resolution of epibromohydrin, in the kinetic resolution of 4-hydroxy-1-butene 
oxide (to form a triol precursor to a component of an HIV protease inhibitor) and in the 
phenolic ring opening of a terminal epoxide is that enables the formation of the 
antihypertensive agent Propanolol. Propanolol have all been the subject of 
investigations by de Vos et al. 5.  
2.5.3.3 Covalent tethering / heterogenisation via covalently bound ligand 
Immobilisation of complexes using covalent tethering techniques is, at present, 
the most favoured approach to design stable heterogeneous asymmetric catalysts. The 
most important drawback of such heterogenised systems is the fact that the ligands 
have to be functionalised, which very often requires a large preparative effort, as both 
synthesis and subsequent purification can be tedious. An important advantage is that 
complexes attached via stable bonds experience no leaching from the support and 
forms a stable catalyst, for as far as the metal ligation and all other bonds are strong 
enough. 
In general, the point of attachment of the tether to the ligand should be as far as 
possible from the stereogenic centre to disturb the chiral induction as little as possible. 
Depending on the reaction to be catalysed different strategies were developed: carbon-
carbon bond formation or three-membered ring synthesis. In this approach, the chiral 
auxiliary or complex is grafted onto the surface of a support material (usually a 
mesoporous silica). When the chiral auxiliary or the catalyst contains suitable 
functional groups, it can be grafted directly onto the surface of the silica. If no such  
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groups exist then the ligand has to be modified to include Si(OR)3 moieties, which can 
then be grafted onto the surface of the support by condensation 70, 155, 156,. 
To study the effect of the pore dimensions on the reaction, amorphous silica (84 
Å), MCM-41 (23-30 Å) and SBA-15 (85 Å) were also used as supports 151. Kim and Kim 
70 reported on an alternative approach, where silica was treated with 3-amino-propyl-
triethoxysilane, which was used for a dendrimer anchoring site (see Figure 2.18). 
Figure 2.18 Grafting (post-synthetic functionalisation) for the organic modification of 
mesoporous pure micelle templated silica and alumina phases with terminal 
organosilanes of type (R O)3SiR. R =organic functional group.  
Two types of homogeneous enantioselective epoxidation catalysts have been 
immobilised by three-membered ring synthesis: a variant of the Sharpless 
titanium/ diethyltartrate system and J acobsen-Katsuki salen complexes 17, 33. Cavazzini 
et al. 168 reported on the immobilisation of a variant of the Sharpless epoxidation 
catalyst on MCM-41 and silica. 
The immobilisation of J acobsen-Katsuki salen complexes by covalent tethering 
was investigated by Pini et al. 120, 131, 132 , who immobilised Mn(III) salen on silica by 
forming a sulphide link between the ligand and organically modified silica (see Scheme 
2.14)). 
Scheme 2.14 Covalent immobilisation of a Mn(II) salen complex on silica for the 
asymmetric epoxidation of alkenes 120.  
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Choudary et al. 169 anchored chiral Mn(III) salen complexes on silica gel through 
covalent attachment using several strategies 154, 170. These catalysts were used in the 
enantioselective epoxidation of unfunctionalised olefins, generally resulted in low ee s. 
Salen complexes (see Figure 2.5), among which J acobsen s catalyst 2 , have been 
immobilised by J anssen et al. 171 on silica via three different approaches. In the first, a 
covalent link was established between a silica support containing Si-H-groups and a 
vinyl-functionalised ligand (see Figure 2.20(a)). For the second approach the same 
heterogeneous catalyst was prepared via a 1-step functionalisation, in which the silica 
was reacted with a Si-Cl functionalised Mn(III)(salen) complex 2 . In comparison with 
the first approach, the resulting catalyst was found to be less efficient 171. In the third 
approach, Zhou et al. 172 coordinated an unmodified Cr-binaphthyl Schiff-base complex 
to an amine ligand that was previously attached covalently to the walls of an MCM-41 
support. After four regeneration steps, both activity and ee had decreased significantly 
in the enantioselective epoxidation of unfunctionalised alkenes, even though only 3 % 
of the Cr had leached into the solution. However, the ee of the heterogenised system 
was higher than that of the homogeneous analogue. 
A combination of covalent attachment and electrostatic interaction was used to 
immobilise Cr(salen) complexes 4 for the enantioselective hydrolysis of epoxides with 
trimethylsilyl azide (TMSN3) 173. The surface of the silica based materials MCM-41 and 
ITQ-2 was initially functionalised with 3-aminopropyltriethoxysilane. For the 
electrostatic immobilisation, this was reacted with Cr(salen) complex 4 ; immobilisation 
was achieved by an electrostatic interaction between the Cr(salen) complex and the 
NH2 group of the amino-propyl silane (see Figure 2.20(b)). The Cr(salen) complex was 
also immobilised by attaching the ligand to the NH2 group (see Figure 2.20(c)). 
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Figure 2.20 Different methods for the covalent linking of salen complexes according to 
(a) J anssen 171; (b)-(c) corresponding to Baleizaro et al. 21; (d) Kim et al. 165; A-(c): 
anchoring via the metal centre 165; B-(b),(d): anchoring via the ligand 21, 173, 174.  
Applying the method of Kim et al. 165, Cubillos 11 synthesised a with a NH2-group 
functionalised ligand (Figure 2.20(b)), which was subsequently used in the asymmetric 
epoxidation of ethylcinnamate, styrene and 1,2-dihydronaphthalene, achieving about 75 
% ee, 35 % ee and 30 % ee, respectively. Although the activities decreased slightly after 
regeneration, they were comparable to those of the fresh heterogeneous catalysts. 
Cubillos 11 also prepared supported Co(II) 3a and Mn(III) metal(salen) 
complexes 2 on Si-MCM-41, through the multi-grafting method developed by Baleizaro 
et al. 21, in which a covalent bond is formed between one of the benzyl rings of the 
complex and the surface of the support through 3-amino-propyltrimethylsiloxane 
(Figure 2.20(d)). The Co(II) complex showed high ee s in the asymmetric borohydride 
reduction of aromatic ketones 164, whereas the activity of the Mn(III) complex was 
shown in the epoxidation of styrene and -methyl styrene 21. 
Gigante et al. 174 investigated the capability of chiral on zeolites supported 
Cr(salen) complexes for the ring opening of epoxides with TMSN3. As support zeolites 
Y, EMT and K-10 montmorillonite were used. They also investigated the use of on 
MCM-41 covalently bound Cr(salen) complexes 4 for the enantioselective ring opening 
of cyclohexene oxide with TMSN3 21. However, ee s were modest (below 20 %) 
compared to those obtained in homogeneous catalysis under comparable conditions. 
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3 The effect of the solvent and the ion exchange 
parameters on the structure and the metal 
content of AlMCM-41   
3.1 Introduction  
The structural stability is a key factor for the use of surfactant templated 
mesoporous materials as adsorbents, solid acid catalysts, catalyst supports, or ion 
exchange materials 76, 83, 85, 104, 133, 175, 176. The hydrothermal stability in particular is an 
important consideration for their use in any application involving the presence of 
water. As the hydrothermal stability of pure silica MCM-41 materials is very poor 133, 176, 
the incorporation of heteroatoms into the walls of MCM-41 has been reported to alter 
both the structural ordering as well as the hydrothermal stability. Furthermore, Al-
containing MCM-41 materials exhibit ion exchange and solid acid catalytic activity 85, 175, 
176
, which is a main property for their use as support material for the preparation of 
heterogenised catalysts. 
Much effort has been focused on the application of MCM-41 as a catalyst or a 
catalyst support 85. MCM-41 containing metals or metallic ions (prepared by 
impregnation, ion exchange or isomorphous substitution) are reported to have 
outstanding catalytic activities 12, 133, 135, 155, 163, 177- 179, 180 -183. Morey et al. 149 for example 
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described the modification of MCM-48 and SBA-15 type materials with titanium. Kim 
et al. 70, 163, 173 reported on the heterogenisation of organic salen complexes into MCM-41 
type materials, unfortunately without presenting details on the structural properties of 
the thus synthesised catalysts. 
At the beginning of the present work concerning the heterogenisation of 
J acobsen s type catalysts on mesoporous carrier systems such as M41S materials, 
several immobilisation methods such as impregnation and ion exchange, similar to Kim 
et al. 70 , 163, 173, were investigated. The first materials thus obtained suffered a complete 
destruction of the structure. An extensive literature study did not yield much 
information concerning the reasons of this destruction of the hexagonal ordering of the 
carrier. Although many papers shortly comment on the effect of the various treatment 
methods on the structure properties of the mesoporous molecular sieves, including 
other supports such as AlMCM-48 and AlSBA-15, and synthesised catalysts, none could 
be found which focused on this problem.  
After various failed attempts to synthesise catalysts according to the authors 
mentioned earlier it was decided to investigate the optimal preparation conditions for 
the heterogenisation of J acobsen s catalyst. The influence of a number of possible 
factors was analysed, such as the solvent, treatment time and temperature, the type of 
inorganic metal salt and its concentration on the structure of M41S type materials. 
In this Chapter the effects of these treatment conditions on the structural 
properties of the AlMCM-41 is investigated. The same solvents, which are used in 
various papers for the immobilisation of organometallic complexes, were used, such as 
water, ethanol, methanol, dichloromethane and toluene. The best ion exchange 
conditions found regarding the influence on the structural ordering and the 
composition during these experiments were used in Chapter 4, in which the 
heterogenisation of organic salen metal complexes by several methods is described.   
3.2 Results and discussion  
3.2.1 Characterisation of the parent material  
All experiments were performed using the same parent material, which 
crystallinity was defined as being 100 %; the relative intensity of the d100 peaks (cps) of 
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the materials after the various treatments described in this chapter was used as a 
measure for the relative crystallinity. The repeat distance a0 of the various materials 
was calculated from the planar d100 distance according to equation 3.1 79: 
(3.1)  
Sodium ions are known to play an important role in the hydrothermal stability 
and the ion exchange behaviour of MCM-41 type materials 83, 104. However, sodium ions 
may also interfere with the catalytic behaviour, or with a possible ion exchange with 
other (metal) ions. Therefore, the ion exchange experiments in the second part of this 
chapter, in which the optimal ion exchange conditions were determined, were carried 
out using the H+-form of the parent material, which was obtained by exchanging the 
Na+-form with ammonium, after which the material was calcined to obtain the H+-
form. For a more elaborate discussion of the characterisation of the MCM-41 type 
parent materials, the author would like to refer to Chapter 4 of this thesis.  
3.2.2 The effects of the solvent, treatm ent tim e and tem perature on the structure and 
composition of AlMCM-41  
All in this chapter described experiments were performed at room temperature, 
50 and 75 °C; the treatment times for each experiment were 1, 6, 18, 24, 48 and 72 
hours. The tables containing all data are presented in Appendix A and B; here, for 
briefness reasons, only excerpts of the tables are presented. 
In Table 3.1, an extract of the structural properties and the composition (Si/ Al 
ratio) of AlMCM-41 samples treated for 6h with water is presented (see Appendix Table 
A.1 for the complete data). The treatment resulted in a decrease in the relative 
crystallinity for all treatment temperatures, which was more severe with increasing 
temperature. The structural degradation is reflected by the loss in the relative 
crystallinity and an increase of the d100 spacing and lattice parameter a0. 
3
d*2
a 1000
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Table 3.1 (excerpts) The relative crystallinity and Si/ Al ratio of for 6 h with water 
treated AlMCM-41. 
temperature time relative crystallinity d100 a0 Si/Al 
[°C] [h] [%] [Å] [Å] [mol ratio]
parent  100 37.8 43.7 44 
RT 6 35 38.2 44.1 44 
50 °C 6 24 39.6 45.7 46 
75 °C 6 22 39.3 45.4 46 
Generally, after treatment with water the Si/ Al ratios were found to be slightly 
higher compared to the parent material. This loss of a small amount of Al species can be 
explained by a partial dealumination by leaching of octahedral (non-framework) Al 
species, which dissolve more easily in water than the tetrahedral framework species. 
No reports were found describing the effects of solvent treatments with ethanol, 
methanol, dichloromethane and toluene on the mesoporous structure of M41S type 
materials. There are some observations concerning the removal of the template using 
solvents such as water or ethanol and the influence on the structure of Si-MCM-41, 
SBA-15 and FSM-16 type materials 98, 99, 107, 108, 184, 185. According to Zholobenko et al. 107 
and Kruk et al. 108, some changes in the unit cell parameter (a0) were observed, but 
these might also be attributable to the relaxation of the framework after removal of the 
template. In samples treated with water a0 increased, whereas washing with ethanol 
resulted in a decrease in a0. Furthermore, the water- and ethanol treatment was found 
to result in a decreased pore wall thickness (relative to a0) and in differences in the 
relative peak intensities. 
The results of the treatment of AlMCM-41 with ethanol are presented in 
Appendix Table A.2 and Table 3.2. Generally, with increasing treatment temperature, 
the Si/ Al ratio increased slightly, which indicates that the dealumination process also 
took place during the ethanol treatment, which is not surprising as ethanol is a protic 
solvent. All materials suffered a loss in the relative crystallinity with increasing 
temperature; for the most severe condition (72 h at 75 °C), the structural collapse was 
almost complete with a 92 % reduction in the relative crystallinity. The structural 
degradation was accompanied by an increasing d100 spacing and unit cell parameter a0, 
suggesting an expansion of the lattice resulting from the treatment.  
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Table 3.2 (excerpts) The relative crystallinity and Si/ Al ratio of for 1 h with ethanol 
treated AlMCM-41. 
temperature time relative crystallinity d100 a0 Si/Al 
[°C] [h] [%] [Å] [Å] [mol ratio]
parent  100 37.8 43.7 44 
RT 1 36 38.0 43.9 46 
50 °C 1 23 41.9 48.4 48 
75 °C 1 13 40.3 46.5 46 
The effects of the treatment with methanol are presented in Appendix, Table A.3 
and Table 3.3. The relative crystallinity decreased for all treatment conditions, which 
again was more severe with increasing temperature and increasing treatment time. 
However, the damage to the AlMCM-41 structure was less severe than was found for the 
first two cases, the hydrothermal and ethanol treatment. Generally, an increase in the 
lattice parameter a0 was found, although here the behaviour was not as clear; for 
example, samples treated at RT for 1 h, 6 h and 24 h and at 50 °C for 18h revealed a 
decrease in the d100 spacing. The Si/ Al ratio increased slightly for all materials, showing 
a small partial dealumination of the framework during the treatment.  
Table 3.3 (excerpts) The relative crystallinity and Si/ Al ratio of for 18 h with methanol 
treated AlMCM-41. 
temperature time relative crystallinity d100 a0 Si/Al 
[°C] [h] [%] [Å] [Å] [mol ratio]
parent  100 37.8 43.7 44 
RT 18 37 39.7 45.8 45 
50 °C 18 36 37.6 43.5 47 
75 °C 18 15 40.6 46.9 47 
The maximum temperature for the treatment with the non-polar solvents CH2Cl2 
and toluene was set uniformly at 50 °C because of the large difference in their boiling 
points (i.e. 40 °C vs. 110 °C, respectively). The properties of with CH2Cl2 treated 
samples are presented in Appendix Table A.4 and Table 3.4. Clearly, the materials 
suffered some loss of the relative crystallinity (typically 57 to 89 %), although not as 
strong as found for the polar protic solvents water, ethanol and methanol. The sample 
treated at 50 °C for 72 h retained the long range ordering the best, whereas 50 °C for 1 h 
proved to be the most severe treatment condition for the structure. Interestingly, 
basically no effect of the temperature was found, in contrast to the earlier discussed 
Effect of exchange parameters on structure and metal content of AlMCM-41          Ch. 3 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯  
- 52 -
 
solvents (vide supra). This effect might very well be related to the polarity of the solvent 
(Polarity Index (PI) 3.1), and its non-protic behaviour, which reduces its ability to 
dissolve part of the mesoporous silica based structure. Generally, the lattice parameter 
a0 and the Si/Al ratio increased slightly for CH2Cl2 treatments.  
Table 3.4 (excerpts) The relative crystallinity and Si/ Al ratio of for 48 h with 
dichloromethane treated AlMCM-41. 
temperature time relative crystallinity d100 a0 Si/Al 
[°C] [h] [%] [Å] [Å] [mol ratio]
Parent  100 37.8 43.7 44 
RT 48 31 41.2 47.6 47 
50 °C 48 13 41.4 47.8 48 
The properties of the with toluene treated samples are presented in Appendix 
Table A.5 and Table 3.5. The loss of the relative crystallinity at room temperature varied 
between 38 and 75 %, and at 50 °C between 54 and 82 %. The sample treated at RT for 
18 h suffered the least loss of the relative crystallinity with 38 %, whereas the sample 
treated at 50 °C for 1 h showed the highest loss of crystallinity of 82 %. Generally, with 
increasing temperature the loss of crystallinity was more severe. Although the d100 
spacing and repeat distance a0 varied somewhat, no clear trends could be observed. 
The Si/ Al ratios were generally found to be slightly higher than the parent 
material, suggesting only minor dealumination of the framework, which was probably 
due to the fact that toluene was the most non-polar (PI 2.4) and a-protic solvent used in 
these investigations.  
Table 3.5 (excerpts) The relative crystallinity and Si/ Al ratio of for 18h with toluene 
treated AlMCM-41. 
temperature time relative crystallinity d100 a0 Si/Al 
[°C] [h] [%] [Å] [Å] [mol ratio]
parent  100 37.8 43.7 44 
RT 18 62 36.9 42.6 45 
50 °C 18 40 36.2 41.8 46 
It is interesting to observe, that the solvent polarity is an important factor 
regarding the structural properties of AlMCM-41 after the treatments. The relative 
polarity based on the dielectric constants of the used solvents increases in order to 
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toluene < CH2Cl2 < EtOH < MeOH < H2O. The non-polar solvents and the alcohols did 
not affect the structural properties of the AlMCM-41 parent material as severe as the 
hydrothermal treatment. Moreover, the structure of the materials during high 
temperature treatments at 50 and 75 °C did not suffer much degradation and the 
materials showed good structural properties in toluene, dichloromethane and 
methanol. Long treatment times (above 24h), often in combination with high treatment 
temperature (50 °C) caused only a slight dealumination of the mesoporous framework.  
3.2.3 The effects of the solvent, treatm ent tim e and m etal salt concentration on the 
structure and metal content of ion exchanged AlMCM-41  
As the solubility of ionic compounds such as Co(II) nitrate hexahydrate, Co(II) 
acetate tetrahydrate and Cr(III) nitrate nonahydrate in solvents such as toluene or 
dichloromethane is very poor, it was decided not to use these solvents for the 
heterogenisation of J acobsen s catalyst in M41S type materials by ion exchange. These 
non-polar solvents are excellent media for the heterogenisation by impregnation, which 
will be discussed later in this thesis. Here, only the influence of the salt concentration 
and the exchange time on the structure and composition of the obtained materials after 
the exchange of the H+-form of AlMCM-41 with Co(II) nitrate hexahydrate, Co(II) 
acetate tetrahydrate and Cr(III) nitrate nonahydrate in water and ethanol at RT was 
investigated.  
3.2.3.1 Ion exchange with Co(II) nitrate hexahydrate 
The results of the ion exchange with Co(II) nitrate hexahydrate dissolved in 
water in varying concentrations are presented in Appendix Table B.1 and Table 3.6. The 
structural properties were affected more severe in higher concentrated (0 .2, 0 .1M) salt 
solutions. Furthermore, during the treatment a significant dealumination occurred, 
which remained almost constant for the various treatments; the Co/ Al mol ratio 
developed as expected equally to the salt concentration.  
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Table 3.6 (excerpts) The relative crystallinity and composition of MCM-41 exchanged 
for 18 h with Co(II) nitrate hexahydrate dissolved in H2O. 
time concentration rel. crystallinity d100 a0 Si/Al Co/Al 
[h] [M] [%] [Å] [Å] [mol ratio] [mol ratio]
H+-AlMCM-41 100 36.6 42.3 46 - 
18 0.2 82 36.3 42.0 54 0.59 
18 0.1 95 37.1 42.9 53 0.38 
18 0.05 111 36.8 42.4 54 0.26 
18 0.025 116 36.9 42.6 53 0.23 
Although the results presented in Table B.1 (see Appendix) are not completely 
straightforward (for example, in several cases the relative crystallinity was higher than 
100 %), longer ion exchange times resulted in a stronger loss of crystallinity. The 
decrease in the relative crystallinity and in long range ordering decreased with 
decreasing salt concentration. A prolonged contact time with the solvent will result in a 
more severe degradation of the mesoporous structure. From 29Si MAS NMR studies, it 
is known that the degradation of the mesoporous structure of Si-MCM-41 in water can 
be attributed to the hydrolysis of such Si-O-Si linkages. Under hydrothermal treatment 
conditions the energy rich Si-O-Si bonds can be attacked by H2O according to an 
alkaline reaction, which is catalysed by the hydroxide ions in water (see Scheme 3.1). 
The resulting terminal silanol groups make the surface of Si-MCM-41 more prone to an 
attack by the hydroxide ions of water, ultimately leading to the destruction of the 
mesoporous structure 83, 85, 175, 176: 
Scheme 3.1  
The results of the exchange with Co(II) nitrate hexahydrate dissolved in ethanol 
are presented in Appendix Table B.2 and Table 3.7. Longer exchange times in high 
concentrated solutions were found to lead to a more severe structural degradation due 
to the alkaline reaction. The mesoporous long range ordering also suffered 
degradation upon treatment with the low (0.025 M) concentrated solution, possibly due 
to the prolonged contact time with the solvent. Previous experiments showed that 
ethanol has negative effect on the structure properties (Table 3.2; Appendix, Table A.2). 
The best-retained mesoporous structure was found using the 0 .05 M solution. 
OSi O+O HO SiSi Si
O
+ +
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Generally, the d100 spacing and a0 repeat distance shifted to higher values with 
decreasing concentrations, suggesting a slight lattice expansion.  
Table 3.7 (excerpts) The relative crystallinity and composition of MCM-41 exchanged 
for 18 h with Co(II) nitrate hexahydrate dissolved in ethanol. 
time concentration rel. crystallinity d100 a0 Si/Al Co/Al 
[h] [M] [%] [Å] [Å] [mol ratio] [mol ratio]
H+-AlMCM-41 100 36.6 42.3 46 - 
18 0.2 97 37.7 43.5 46 0.78 
18 0.1 77 37.6 43.4 46 0.49 
18 0.05 86 38.0 43.9 46 0.43 
18 0.025 64 40.8 47.1 48 0.30 
The relative crystallinity after the ion exchange with Co(II) nitrate hexahydrate 
dissolved in water was more strongly affected than after the exchange in ethanol, which 
corresponds with the findings of the pure solvent treatments on the mesoporous 
structure (vide supra). The repeat distance a0 shifted to higher values, which shift was 
larger for the more concentrated solutions, showing a slight lattice expansion. For less 
concentrated solutions and for samples, which underwent a multiple ion exchange, the 
pore size seems to decrease; it is currently not clear yet what caused this behaviour. 
The Si/Al ratio increased for all materials, very likely due to dealumination of the 
framework, which severity reduced with decreasing salt concentration. In multiple 
exchange procedures the Si/ Al ratios decreased for all materials; the decrease was 
stronger with decreasing salt concentration, possibly due to the dissolution of silica. 
The dealumination was more severe than found for the treatment with water as such 
(vide supra). The lattice expansion and silica dissolution was higher than found for the 
treatment with ethanol alone (vide supra). These phenomena can only be explained by 
the presence of the cobalt salt, although it is not yet clear if this was caused by presence 
of the nitrate or the cobalt ions. 
As expected, as ion exchange is an equilibrium reaction, the Co/ Al ratio 
increased with increasing concentration of the cobalt salt. Treatments with in ethanol 
dissolved metal salt resulted in higher Co/Al ratio compared to the aqueous solution. In 
high concentrated solutions, longer treatment times and multiple exchange treatments 
resulted in higher cobalt contents. However, from the high amounts of cobalt in some of 
the materials it appears that not all cobalt was present in the structure as a counter ion 
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for the framework, but also as a cobalt salt, which resulted in the formation of cobalt 
oxide upon calcination, as the amount exceeds the charge needed for electro neutrality.  
3.2.3.2 Ion exchange with Co(II) acetate tetrahydrate 
The results of the ion exchange with Co(II) acetate tetrahydrate dissolved in 
water are presented in Appendix Table B.3 and Table 3.8. The structural properties of 
the carrier material were increasingly affected with decreasing salt concentration. 
Treatment of the host with the 0 .025 M solution for 24 h resulted in a 55 % decrease in 
the relative crystallinity and repeat distance, and a loss of framework silicon, possibly 
due to the enhanced contact between host and solvent. Previous experiments showed 
the negative effect of hydrothermal treatments on the AlMCM-41 framework (vide 
supra).  
Table 3.8 (excerpts) The relative crystallinity and composition of MCM-41 exchanged 
for 24 h with Co(II) acetate tetrahydrate dissolved in H2O. 
time concentration rel. crystallinity d100 a0 Si/Al Co/Al 
[h] [M] [%] [Å] [Å] [mol ratio] [mol ratio]
H+-AlMCM-41 100 36.6 42.3 46 - 
24 0.2 99 37.0 42.8 47 0.54 
24 0.1 85 37.1 42.8 49 0.48 
24 0.05  62 36.0 41.5 46 0.48 
24 0.025  45 34.6 40.0 44 0.48 
The results of the ion exchange with Co(II) acetate tetrahydrate dissolved in 
ethanol are shown in Table 3.9; the complete data is presented in Appendix Table B.4. 
The strong decrease in the relative crystallinity suggested an almost complete collapse 
in the long-range mesoporous ordering, especially for the samples that underwent 
multiple procedures. The decrease in the relative crystallinity of the samples, which 
were only exchanged a single time, was less severe with decreasing salt concentrations; 
the least loss in the structural ordering was found for the 0.025 M solution. 
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Table 3.9 (excerpts) The relative crystallinity and composition of MCM-41 exchanged 
for 24 h with Co(II) acetate tetrahydrate dissolved in ethanol. 
time concentration rel. crystallinity d100 a0 Si/Al Co/Al 
[h] [M] [%] [Å] [Å] [mol ratio] [mol ratio]
H+-AlMCM-41 100 36.6 42.3 46 - 
24 0.2 25 40.8 47.1 50 17.81 
24 0.1 34 40.5 46.7 46 9.06 
24 0.05  64 41.4 47.8 46 4.51 
24 0.025  47 33.8 39.0 43 1.48 
The Si/ Al ratio was found to decrease with decreasing concentrations, with the 
silica dissolution being the most intense in the low concentrated 0 .025 M solution. The 
Co/ Al ratios decreased with decreasing concentration; the extremely high amounts of 
cobalt clearly show an over-exchange, which might result in partially blocked pores by 
cobalt oxide species, even for the low 0 .025 M concentrated solution. In this case, the 
intense solvent effect might also play an additional role in the collapse of the structural 
ordering. The samples that underwent multiple procedures showed the highest metal 
content of all experiments performed here. These extremely high metal contents found 
for the treatments in ethanol might be due to an incomplete dissolution of the metal 
salt in ethanol, causing the deposition of micro crystallites of the salt on the surface of 
the carrier materials. 
The long range mesoporous ordering suffered the most upon treatment with the 
ethanol Co(II) acetate solution. As expected, longer treatment times and multiple 
treatments also resulted in a stronger loss of crystallinity, due to the higher salt 
concentration and the prolonged contact time with the solvent. The d100 spacing and 
repeat distance a0 suggested some pore shrinkage compared to the parent material, 
increasing with decreasing salt concentrations. Samples treated in the 0.025 M solution 
showed the strongest deterioration of the structural properties. 
Again, the changes in the various properties were stronger than found for the 
treatment with only water or ethanol (see Table 3.1 and 3.2), which again could only be 
explained by the presence of the cobalt salt. However, it is not yet clear if this behaviour 
was caused by the cobalt or by the acetate ions. 
The Si/ Al ratio decreased with decreasing salt concentration, and was found to 
be especially strong for the multiple exchange procedures, probably due to the 
prolonged contact time. This probably caused silica dissolution as also presented in the 
previous paragraph (see Scheme 3.1). As expected, the Co/ Al ratio decreased with 
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decreasing salt concentration, as ion exchange is an equilibrium reaction. The samples 
treated with more concentrated solutions and multiple procedures revealed the highest 
Co/Al ratios, even exceeding a ratio of 1, showing the materials are over exchanged. 
Generally, the metal content was higher than found for Co(II) nitrate 
hexahydrate, possibly due to the poorer dissolution of the acetate salt. Barthel et al. 186 
reported on the effect of changes in the Si/ Al ratio on the support acidity. As the 
decrease of the Si/ Al ratios led to an increase of the number of acidic sites, less cobalt 
ions are needed to maintain electro neutrality of the framework. The high amounts of 
cobalt found here suggest that the ions are not only present as the counter ion for the 
framework aluminium, but also as cobalt salt, forming deposits on the support 
material, which might block the pores after calcination resulting in the formation of 
cobalt oxide. 
Theoretically, for a complete exchange the maximum Co/ Al ratio can be 0 .50 , at 
which metal content the system is electro neutral. Lower Co/ Al ratios could be 
explained by the fact that not all aluminium was present as tetrahedral coordinated 
framework aluminium, as could be shown with pyridine absorption. On the other hand, 
ratios higher than 0.5 could only be explained by the presence of cobalt or perhaps even 
cobalt/ aluminium species on or inside the materials, the latter originating from a 
partial dissolution of aluminium from the framework during the treatment. Extremely 
high Co/ Al ratios were found for exchange procedures with Co(II) acetate tetrahydrate 
dissolved in ethanol, which might very well be due to a poor dissolution of the cobalt 
salt in ethanol causing an increased deposition of the metal salt instead of ion exchange 
during the procedure. Generally, the exchange procedures with the acetate salt resulted 
in over-exchanged materials with poor structure properties, regardless of the solvent 
used.  
3.2.3.3 Ion exchange with Cr(III) nitrate nonahydrate 
In Table 3.10 (for the complete data see Appendix Table B.5), the results of a 48 
h exchange with Cr(III) nitrate nonahydrate dissolved in H2O are presented. Clearly, a 
single exchange affected the structure of the materials, even for the more concentrated 
solutions, only to a minor degree. The relative crystallinity increased slightly with 
decreasing salt concentrations, and was even found to be larger than 100 % for some 
materials. The structural properties were not affected significantly during this 
treatment series, except of the treatment with the 0 .025 M aqueous Cr(III) nitrate salt 
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solution, which resulted in a 45 % loss of relative crystallinity, and shrunken lattice 
parameters.  
Table 3.10 (excerpts) The relative crystallinity and composition of MCM-41 exchanged 
for 48 h with Cr(III) nitrate nonahydrate dissolved in H2O. 
time concentration rel. crystallinity d100 A0 Si/Al Cr/Al 
[h] [M] [%] [Å] [Å] [mol ratio] [mol ratio]
H+-AlMCM-41 100 36.6 42.3 46 - 
48 0.2 107 36.5 42.1 90 1.35 
48 0.1 101 37.2 43.0 77 0.86 
48 0.05  109 37.2 43.0 65 0.50 
48 0.025  55 34.1 39.4 59 0.40 
The Si/ Al ratios increased strongly for all treatments, even more than found in 
the previous paragraph, in which the influence of water on the parent material was 
investigated (see Table 3.3). The degree of this dealumination decreased with 
decreasing salt concentrations. 
Finally, the results of an ion exchange with Cr(III) nitrate nonahydrate dissolved 
in ethanol are presented in Table 3.14 and Appendix Table B.6. As expected, the relative 
crystallinity suffered more with increasing salt concentrations, as did longer treatment 
times, probably due to the high metal ion concentrations and the prolonged contact 
time with the solvent. The Si/ Al ratios were significantly higher than the parent 
material, with the dealumination being more severe with increasing salt concentrations.  
Table 3.14 (excerpts) The relative crystallinity and composition of MCM-41 exchanged 
for 48 h with Cr(III) nitrate nonahydrate dissolved in ethanol. 
time concentration rel. crystallinity d100 a0 Si/Al Cr/Al 
[h] [M] [%] [Å] [Å] [mol ratio] [mol ratio]
H+-AlMCM-41 100 36.6 42.3 46 - 
48 0.2 73 39.8 45.9 68 0.78 
48 0.1 60 38.9 45.0 53 0.64 
48 0.05  93 39.0 45.0 50 0.58 
48 0.025  36 37.2 42.9 45 0.41 
As expected, the longer and multiple times treated samples suffered the most 
from this dealumination, although not as strong as found for the exchange in the 
aqueous solution (see Table 3.10). The Cr/ Al ratios decreased with decreasing 
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concentrations. In contrast to the exchange in water, no values larger than 1 were 
found, although the materials were still over exchanged, resulting in salt deposition on 
the carrier and the formation of chromium oxide species upon calcination. 
The treatment of AlMCM-41 with aqueous and ethanolic Cr(III) salt solutions 
resulted not in completely straightforward structural properties, as several samples 
showed a relative crystallinity higher than 100 %. The increase in d100 and a0 showed 
some expansion of the lattice, which extent did not vary significantly with varying 
concentrations and varying solvents. This increase was even less than found for the 
treatment with only the solvent (see Table 3.1), which difference can only be the result 
of the presence of the chromium salt. It is currently not clear what caused this effect, as 
both the chromium and/or the nitrate ions might be of influence. 
The mesoporous structure suffered the most during tests with solutions in 
ethanol and multiple procedures in highly concentrated solutions, and for treatments 
for longer times in the low concentrated 0 .025 M solution, which might be due to a 
solvent effect. The d100 spacing and repeat distance a0 decreased upon treatment with 
the 0.025 M solution and for the multiple treated materials. 
Dealumination took place in both solvents; however, the aqueous solution 
caused a more intense increase in the Si/ Al ratio than the solution in ethanol. As 
expected, the Cr/Al ratio decreased with decreasing salt concentrations and for multiple 
procedures, and longer treatments times were found to result in increased metal 
contents. Again, the materials were over exchanged, even more strongly than found for 
the cobalt containing materials, as each trivalent chromium ion would need three of the 
monovalent framework aluminium to achieve electro neutrality. Part of the chromium 
must therefore be present as the salt, or, after calcination, as chromium oxide species. 
Furthermore, the Si/ Al ratios also varied during the treatments, which might also be 
due to a partial dissolution of silica in the solvents. 
Based on the stronger protic behaviour of water compared to that of ethanol one 
would expect the ion exchange procedures in water to cause a stronger decrease in the 
long range ordering compared to a treatment with in ethanol dissolved salts. However, 
generally, the loss of crystallinity seemed to be more severe for the treatments 
performed in ethanol than in water. A clear explanation for this behaviour could not yet 
be found. Generally, an exchange with Co(II) nitrate hexahydrate resulted in lower 
amounts of cobalt than with the acetate salt.  
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3.3 Conclusions  
In this chapter the influence of various solvents, the treatment time and the 
temperature, as well as the influence of the concentration of the metal salts Co(II) 
nitrate hexahydrate, Co(II) acetate tetrahydrate and Cr(III) nitrate nonahydrate during  
ion exchange on the structure and composition of AlMCM-41 was investigated. 
In the first series of experiments, the influence of the solvents on the 
mesoporous ordering was investigated. A decrease in the relative crystallinity was 
found in the order water > methanol > ethanol > dichloromethane > toluene, which is 
in good agreement with the polarity and the protic behaviour of the solvents. 
Furthermore, the loss in long range ordering was more pronounced with increasing 
contact times and increasing temperatures. This might very well be due to a partial 
dissolution of the framework, which will be more severe with increasing temperature 
and contact time. Generally, some dealumination was found, which is known to weaken 
the support acidity. 
A major disadvantage of the organic solvents is the poor solubility of metal salts 
in these solvents. As the goal of this thesis was to find the optimal preparation 
conditions for the heterogenisation of J acobsen s catalyst, among others using ion 
exchange procedures, only water and ethanol were used for further ion exchange 
experiments. For the heterogenisation via impregnation of the ligand and the metal 
salen complexes, toluene was chosen as the solvent, using dichloromethane as the 
solvent for subsequent Soxhlet treatments for the removal of non-bonded catalysts 
from the materials, as these solvents should have the least effects on the relative 
crystallinity of the novel materials. Although methanol might be used for both the 
impregnation and the subsequent Soxhlet extraction, its use was not investigated any 
further. 
In a second series of experiments, the influence of the concentration and the 
exchange time of the ion exchange with Co(II) nitrate hexahydrate, Co(II) acetate 
tetrahydrate and Cr(III) nitrate nonahydrate dissolved in water and ethanol on the 
structure and composition of AlMCM-41 was investigated. Although an increasing 
solvent temperature is known to increase the solubility of a salt, it was also found to 
result in a reduced long range mesoporous ordering. Therefore, compromises between 
both a moderate ion loading and a well ordered structure will have to be made for the 
heterogenisation of organic complexes by ion exchange procedures. For this reason 
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these experiments were only carried out at room temperature and not at elevated 
temperatures. 
The results for the ion exchanged materials were not as straight forward as for 
the treatment with the various solvents, although there were general trends in the loss 
of crystallinity and the metal content of the materials for the various treatment 
conditions. Generally, the relative crystallinity of the materials decreased with time and 
concentration of the metal salt. Multiple exchanges seem to cause less damage to the 
long range ordering than a single treatment with the same exchange time. As expected, 
the metal/ Al ratio increased with increasing metal salt concentrations, as ion exchange 
is an equilibrium reaction. 
The best conditions for an ion exchange with cobalt and chromium of MCM-41 
based materials seems to be a multiple treatment with dilute aqueous nitrate salt 
solutions; using these conditions the loss of crystallinity was the smallest, and there was 
hardly any over exchange of the materials. 
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4 On the heterogenisation of Jacobsen type catalysts 
in M4 1S type materials   
4.1 Introduction  
Over the past years, substantial progress has been made in the asymmetric ring 
opening of epoxides with the discovery of chiral salen (bis-(salycilidene) 
ethylenediamine) metal based catalysts. The possibility to vary the metal centre and the 
detailed ligand structure makes such chiral metal(salen) complexes one of the most 
important groups of asymmetric catalysts in both technological as well as scientific 
terms. Generally, homogeneous metal complexes with chiral ligands are currently the 
most widely used and versatile enantioselective catalysts, and recently attention has 
focused on the development of these catalysts for a practical industrial application 17, 18. 
A major problem in an industrial application is the fact that these comparatively 
expensive materials are difficult to separate from the reaction mixture after completion 
of the reaction. One method to improve on this issue is the heterogenisation of the 
homogeneous catalysts on or in a carrier, which is subject of investigation in this 
Chapter. 
For this work, the (S,S)-(+)-N,N -Bis(3,5-di-tert-butyl-salicylidene)-1,2-cyclo-
hexanediamine cobalt (II) complex, the (S,S)-(+)-N,N -Bis(3,5-di-tert-butyl-
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salicylidene)-1,2-cyclohexanediamine cobalt (III) acetate complex and the (S,S)-(+)-
N,N -Bis(3,5-di-tert-butyl-salicylidene)-1,2-cyclohexanediamine chromium (III) chlo-
ride complex were chosen as the homogeneous catalysts. The chemical structures of 
these Jacobsen salen complexes are presented in Chapter 2, Figure 2.4. 
The homogeneous Co(II), Co(III)OAc and Cr(III)Cl salen complexes were 
encapsulated into aluminium containing M-41-S type materials such as MCM-41, 
MCM-48 and SBA-15, using ion exchange (based on the procedure proposed by Piaggio 
et al. 152) and impregnation (based on a procedure developed by Kim et al. 163) methods. 
For comparison, AlMCM-41 carrier materials were also ion exchanged with 
Co(NO3)2*6x H2O and Cr(NO3)3*9x H2O using the optimal exchange conditions found 
in Chapter 3. These metal containing materials were characterised without any further 
treatment, after which they were contacted with a salen ligand containing solution. 
Several other catalysts were prepared via impregnation, as it is not possible to 
obtain the cobalt acetate form nor the chromium chloride form of J acobsen s complex 
with an ion exchange procedure. After their preparation, all heterogenised materials 
were Soxhlet extracted to remove any direct leachable homogeneous material. A 
detailed overview of heterogenisation methods is presented in Chapter 2. 
The thus obtained various homogeneous catalysts, carrier materials, metal ion 
containing systems and J acobsen s complex containing materials were characterised 
using a variety of characterisation methods. For example, from XRD information is 
obtained on the structure of the materials, from ICP AES on their metal content, or with 
FT-IR on with pyridine absorbed materials and TPD on with ammonia treated 
materials information on the acidity of the carrier materials can be obtained. 
Furthermore, FT-IR and UV-Vis were used to obtain information on the structure of the 
heterogenised complexes, and TGA to obtain information on the amount of organic 
ligand present in the systems. Finally, nitrogen sorption was used to obtain information 
on the porous system of the various catalysts. The results of these investigations is 
presented in this Chapter of the thesis. 
For a more elaborate description of the various preparation and characterisation 
conditions, the author would like to refer to Chapter Experimental, where also a 
complete list of the various materials and their denotation used in this thesis is 
presented. 
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4.2 Results and discussion  
4.2.1 Characterisation of homogeneous Jacobsen (salen) metal complexes  
4.2.1.1 Thermo gravimetric analysis 
During Thermo Gravimetric Analysis (TGA) the free ligand, the homogeneous as 
well as the heterogenised catalysts were all found to decompose in one single step 
between 125 °C and 500 °C. According to Frunza et al. 135 J acobsen s catalyst should 
decompose in several well defined fragments according to a detailed decomposition 
mechanism; however, in the results presented here the several decomposition steps 
probably overlapped, resulting in one single step. This might partially very well be due 
to the varying metal/ ligand ratios. At temperatures higher than 500 °C only minor 
amounts were removed. 
The homogeneous complexes showed mass losses varying between 78 % (for the 
Cr(III)Cl metal salen complex) and 87 % (see Table 4.1), which was lower than found 
for the ligand, obviously due to the presence of the metal centre. In Table C.1 (see 
Appendix) the thermo gravimetric analysis of the ligand and the various homogeneous 
J acobsen s catalysts is presented. 
The TG and DTG curves of the homogeneous materials are presented in the 
Appendix, Figure C.1. The main decomposition temperature of the free ligand occurred 
at about 320 °C, which shifted somewhat for the metal salen complexes. The inflexion 
point of the Co(II) containing salen complex appeared at a significantly lower 
temperature (302 °C), whereas for the Co(III)OAc and Cr(III)Cl containing salen 
complexes slightly higher temperatures were found, which might be attributable to the 
presence of the metal centre. This is in agreement with the appearance of the shoulders 
in the DTG of the catalysts at 300 °C and 333 °C for the Co(III)OAc and Cr(III)Cl 
containing materials, respectively. Additionally, the DTG curves showed broad weak 
peaks at ca. 480 °C, which might be associated to the removal of more stable groups 
such as tert-butyl groups from the aromatic rings of the salen ligand 11, 135.  
4.2.1.2 ICP AES 
The metal content of the homogeneous salen metal complexes was determined 
using ICP AES. As there is a molar balance between the metal ion and the ligand, the 
metal/ligand ratio should be one. For metal/ligand ratios smaller than one, an excess of 
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ligand is present in the sample, whereas values greater than 1 show a metal ion excess. 
The real amount of the metal complex is equivalent with the metal content. 
Surprisingly, the metal and ligand contents of homogeneous and heterogenised 
catalysts are seldom published. J acobsen and co-workers 13, 14, 16, 42 presented some data 
on the elemental analysis of the homogeneous catalysts, which showed it to be possible 
to chelate the theoretically possible amount of metal ions with J acobsen s ligand with a 
tolerance of ± 1 %. 
In Table 4.1 the composition of the homogeneous catalysts is summarised; the 
here presented data is an average from several batches synthesised and used during this 
work. The ligand loading was determined using TGA, which will be discussed in more 
detail elsewhere in this chapter.  
Table 4.1 Metal and ligand content of the homogeneous salen metal complexes. 
Sample a metal loading[mmol/g] b 
ligand loading
[mmol/g] c 
metal/ligand
ratio d 
Jacobsen's ligand - 1.77 - 
Co(II) salen complex 1.12 1.47 0.76 
Co(III)OAc salen complex 1.05 1.33 0.79 
Cr(III)Cl salen complex 0.56 1.41 0.40 
a
 for the denotation of the materials see Chapter Experimental, Table E.1 
b
 determined with ICP AES 
c
 determined with TGA 
d
 molar ratio  
The theoretically possible metal content of the Co(II) salen catalyst reported by 
Jacobsen et al. 17, 18, 41, 52, 53 was 1.663 mmol/ g. Here, an average amount of 1.12 mmol 
was found, of batches containing between 0 .74 and 1.88 mmol/ g Co(II) ions. For the 
Co(III)OAc salen based material the theoretical amount was 1.510 mmol/ g, which in 
this work was on average found to be 1.05 mmol/ g Co(II), varying between 0 .79 and 
1.13 mmol/ g. The Cr(III)Cl salen complex has a theoretical Cr(III) content of 1.433 
mmol/ g, whereas the salen complex on average contained 0 .56 mmol/ g, varying 
between 0 .39 and 0 .98 mmol/ g for the different batches. Clearly, especially the 
chromium based materials differed significantly from the theoretical values. 
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4.2.1.3 FT-IR spectroscopy 
The various characteristic bands in the spectra of the materials could be 
attributed to the following functional groups (the most important bands are marked 
with an asterisk (*) in the various figures) 13, 14, 16, 42, 187-189: 
3600-3700 cm-1: water (broad band); 
3740 cm-1: terminal hydroxyl groups (strong); 
3300-2700 cm-1: C-H vibrations 
o aliphatic (2970-2870 cm-1) (strong) and aromatic (3070-3020 cm-1) 
(weak); 
o 2960-2870 cm-1: -CH2- or -CH3 groups; 
1900-1750 cm-1: double bond region: C=C, C=O, N=O; 
1650-1550 cm-1: C=N stretching vibrations (strong), can be shifted by the 
immobilisation or influence of the metal centre; 
1470-1420 cm-1: C=C aromatic vibrations (medium); 
1251 cm-1: C-O vibrations (medium); 
1560 and 1414 cm-1: acetate group, respectively due to the COO- and CH3- 
vibrational modes (strong) 156, 187; 
1615 and 1534 cm-1: complexated Cr(III) salen (medium); 
699 cm-1: C=C aromatic vibrations; 
<1500 cm-1: carrier vibrations. 
The structure of the homogeneous J acobsen s ligand could clearly be identified 
in Figure 4.1, and the characteristic bands of the organometallic complexes could easily 
be assigned. 
All homogeneous complexes showed a band between 1530-1560 cm-1. This band 
was only present in the spectra of the homogeneous complexes containing a metal 
centre, and not in the spectrum of pure J acobsen s ligand, showing the formation of the 
organo-metallic complex 16, 135. 
The other main characteristic band in the spectra of the metal salen complexes 
was the C=N imine vibration band of the ligand at 1630 cm-1. The characteristic bands 
of the acetate group occurred at 1414 cm-1 and 1560 cm-1, and the presence of the 
chromium(III) salen complex could be shown by the presence of the bands at 1615 cm-1 
and 1535 cm-1. 
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Figure 4.1 FT-IR spectra of J acobsen s ligand and its homogeneous complexes of Co(II), 
Co(III)OAc and Cr(III)Cl centres.  
4.2.1.4 UV-Vis spectroscopy 
The chiral salen ligand and the Co(II), Co(III)OAc and Cr(III)Cl complexes were 
also characterised with diffuse reflectance UV-Vis spectroscopy. The spectrum of the 
salen ligand revealed several typical absorption bands, which assignment is 
summarised in Table 4.2 146a, 155, 173. The UV-Vis spectra of J acobsen s ligand showed 
typical absorption bands at ca. 253 nm and 326 nm, attributable to ligand n * and 
* charge transfer transitions 173, 189. The * transitions of the ligand shifted to 
lower wavelengths in the metal loaded complexes (see Table 4.2 and in the Appendix 
Figure C.2) 168, 190. The appearance of these bands was weaker for the metal salen 
complexes based on Co(III)OAc and Cr(III)Cl centres, which was probably due their 
lower concentration in the sample. 
In the metal complexes the metal ions are rigidly linked by the N-metal-N bond, 
leading to an increase in the conjugation in the molecule 191, 192. The metal salen 
complexes exhibited a broad signal centred around 410 nm, attributable to ligand-
metal-ligand charge transfer transitions, similar to metal salen compounds 155. The 
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weak broad band around 500 nm could be assigned to d d charge transfer transitions 
in the metal centre 173, 193.  
Table 4.2 The characteristic charge-transfer transition bands in the UV-Vis spectra of 
J acobsen s ligand and the various homogeneous and immobilised complexes. 
Charge-transfer transitions [nm] 
Sample a 
* n * 
( *) 
forbidden d d 
J acobsen s ligand 220 253 326 - 
Homogeneous complexes 211 264 337 ~500 
Heterogenised complexes 210 265 348 ~500 
a
 for the denotation of materials see Chapter Experimental, Table E.1  
After oxidation of the Co(II) salen complex by air in the presence of acetic acid, 
thus generating the Co(III)OAc salen complex, the 500 nm broad band disappeared 163. 
In the spectra of the Cr(III)Cl loaded salen ligand (see Appendix, Figure C.2) this band 
was clearly present 134. The reason for this effect is not completely clear yet and no 
explanation was found in literature. It might be connected with the different complex 
concentrations in the samples used here. 
The typical * charge transfer signals of the conjugate delocalised electron 
system and the n * charge transfer transition of aromatic and imine double bonds in 
the homogeneous metal salen complexes shifted to lower wavelengths due to the 
complex transformation (see Table 4.2). The formal signal of the forbidden * 
charge transfer transition of the non-substituted benzene ring will be dislocated after 
complexation, because the electron system of the phenyl rings became asymmetric due 
to the tert-butyl groups. Therefore, the changes in the vibrational properties of the 
phenyl groups should be responsible for the shift of these bands to lower wavelengths. 
Such displacements might be caused by the complexation of the metal ions with the 
ligand because of the overlapping of both salycilidene phenyl rings. 
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4.2.2 Characterisation of m esoporous AlMCM-41, AlMCM-48 and AlSBA-15 type 
carrier materials  
4.2.2.1 Thermo Gravimetric Analysis and ICP-AES 
The thermo gravimetric analysis of the support materials and the various ion 
exchanged materials is presented in the Table D.1 and D.2 in the Appendix. The mass 
loss over the temperature range between 125 and 1000 °C is attributable to the 
condensation of silanol groups and the subsequent formation of siloxane bridges, which 
might be activated by the metal ions 196, and possibly to the oxidation of minor amounts 
of heavy residues stemming from an incomplete removal of the various organic 
templates upon calcination. For none of the materials an inflexion point was found in 
the TG curve. 
The Al, Si and Na contents of the heterogeneous supports were determined with 
ICP-AES. In the Appendix, Table D.3 the composition of the various intermediates and 
the final supports is presented (i.e. as of the various materials more than one batch was 
prepared the average values are presented). The Si/ Al ratio of H+AlMCM-41 increased 
slightly, indicating some extent of dealumination, whereas for H+AlMCM-48 the ratio 
decreased, possibly due to silica hydrolysis. The Na content of the H+ form of the 
materials decreased significantly after ion exchange with NH4+ and the subsequent 
calcination, although it was not possible to remove all Na+ ions from the framework, 
possibly because these were present as sodium silicate species 104. The compositions of 
the various carriers are in good agreement those reported in literature 79, 106, 150, 196.  
4.2.2.2 FT-IR spectroscopy 
The FT-IR spectra of the support materials and their characteristic bands in the 
fingerprint region (1400-400 cm-1) 82, 188 are shown in the Appendix, Figure D.2. As 
expected no differences were found between the support materials, as FT-IR is unable 
to discriminate between the hexagonal structure of AlMCM-41, the cubic structure of 
AlMCM-48 or the two-dimensional hexagonal one of AlSBA-15 82, 86. 
The bands at 1060 and 1223 cm-1 of the as-synthesised samples (not shown 
here), due to internal and external asymmetrical Si-O stretching modes, shifted to 
higher frequencies (1080 and 1229 cm-1, respectively) upon calcination. Bands at 790 
and 450 cm-1 could be assigned to symmetric Si-O stretching and tetrahedral Si-O 
bending modes, respectively, and were also slightly shifted to higher frequencies, which 
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would indicate an increased network cross linking, accounting for the lattice 
contraction and structural stabilisation that mesoporous materials undergo upon 
calcination 160. A strong band at 960 cm-1 could be found for all calcined samples, which 
originated from the stretching vibration of Si-OH and uncoupled tetrahedral [SiO4] 
species 161. The spectra of the calcined materials (not shown here) also exhibited a band 
at 3740 cm-1, indicating the presence of non acidic terminal silanol (Si-OH) groups 162, 
197
. 
The spectra of the calcined materials did not show any bands corresponding to 
asymmetric and symmetric C-H stretching and C-H bending vibrations around 2924, 
2854 and 1489 cm-1, showing a complete removal of all organic material during 
calcination. Finally, bands at 1620-1650 cm-1, caused by the deformational vibrations of 
adsorbed water molecules 82, 198, were found.  
4.2.2.3 X ray diffraction 
The XRD pattern of the calcined Na+AlMCM-41 revealed at least four reflexions, 
which could be indexed as a well-resolved p6m hexagonal cell, typical for these 
materials (see Figure 4.2) 79, 194, 195. Contrarily, the peaks for MCM-41 or the H+-form of 
AlMCM-41 were not as intense and less well resolved, although the patterns of both 
materials showed a clear crystallographic ordering and preservation of the basic 
framework. The relatively weak peaks of MCM-41 might be related to the synthesis 
conditions, whereas for the H+-form of AlMCM-41 the absence of Na+ ions and the 
decreased amount of Al species in the framework might be an explanation for the 
poorly resolved diffraction patterns 83, 104. Pauly et al. 104 recently pointed out that the 
presence of Na+ ions in the framework of MCM-41 materials plays a crucial role in their 
hydrothermal stability. 
Furthermore, each Al atom incorporated in the framework has to be 
accompanied by a charge balancing Na+ or H+ ion. The amount of Al required for a 
hydrothermal stable Na+-free AlMCM-41 was found to be 0 .4 mmol/ g (vide infra); the 
material used here contained 0 .354 mmol/ g Al species, which might also be an 
explanation for the reduced hydrothermal stability 83, 104. 
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Figure 4.2 XRD patterns of different MCM-41 type support materials (in the box the 
Miller indices for this diffraction pattern are presented).  
In the following tables, the relative intensities of the basal d100 peak were used as 
a measure for the crystallinity. Furthermore, the repeat distance a0 between the two 
nearest pore centres of a hexagonal cell unit for the MCM-41 and SBA-15 type materials 
was calculated according to 79: 
(Eq. 4.1)  
whereas the repeat distance of the cubic unit cell of MCM-48 83, 227 can be calculated 
from: 
(Eq. 4.2) 
The structural properties of the support materials are presented in Table 4.3. For 
an easy comparison, the relative crystallinity of the parent materials was defined as 100 
%. The d100 spacing of MCM-41 was found to be 3.9 nm, resulting in a repeat distance a0 
of 4.5 nm. The Na-containing AlMCM-41 showed a larger d-spacing and unit cell 
parameter. The ion exchange with NH4+ resulted in further reduction, indicating a 
decrease in the pore size. The ion exchange clearly affected the well ordered 
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mesoporous structure, as the H+-form of AlMCM-41 showed a loss of the relative 
crystallinity of 66 % (see Table 4.3). 
The MCM-48 samples showed a high ordering, as can be concluded from the 
presence of at least six reflexions in the XRD patterns, which could be indexed as an 
Ia3d cubic structure (see Figure 4.3) 83, 195, 227. For Na+-containing AlMCM-48 materials 
the amount aluminium present in the framework to maintain hydrothermal stability is 
reported to be 1.0 -1.7 mmol/ g Al; the parent Na+AlMCM-48 used here contained only 
0 .689 mmol/ g (vide infra), which even decreased slightly upon removal of the Na+ ions 
via ion exchange to obtain the H+-form 104, 232. The loss of crystallinity might very well 
be a result of the decreased hydrothermal stability.  
Table 4.3 Structural properties of the support materials. 
Sample a relative crystallinity [%] b 
d100 
[Å] 
a0 
[Å] c 
MCM-41 d 100 39.2 45.3 
AlMCM-41 d 100 37.4 43.1 
H+AlMCM-41 34 36.6 42.3 
MCM-48 d 100 34.0 83.3 
AlMCM-48 (PS) e 69 35.7 87.4 
AlMCM-48 d 100 36.0 88.2 
H+AlMCM-48 62 34.4 84.3 
SBA-15 d 100 102.5 118.4 
AlSBA-15 e 119 98.3 113.6 
a
 for the denotation of materials see Chapter Experimental, Table E.1 
b
 the intensity of the d100 reflexion was used as a measure for the crystallinity, relative to 
the starting material. 
c
 the lattice parameters were calculated from equations (4.1) and (4.2). 
d
 these starting materials were defined as having a relative crystallinity of 100 %. 
e
 prepared by post-alumination (PS). 
Heterogenisation of Jacobsen type catalysts in M41S type materials                         Ch. 4 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯  
-74-
 
Figure 4.3 XRD patterns of MCM-48 type support materials (in the box the Miller 
indices for this diffraction pattern are presented).  
Both the by post alumination prepared AlMCM-48 (PS) and H+AlMCM-48 
materials showed a less well ordered cubic structure, which was very likely due to the 
post alumination procedure and ion exchange treatments, respectively. PS Na+AlMCM-
48 was not used for further experiments, whereas H+AlMCM-48 was used as parent 
material for ion exchange experiments with Co(II) and Cr(III) ions. 
MCM-48 was used as parent material for the preparation of AlMCM-48 (PS) by a 
post synthesis alumination procedure (see Table 4.3), which resulted in a 31 % loss of 
crystallinity. The average d211 distance was found to be 3.4 nm, resulting in a unit cell 
parameter of 8.3 nm, which values are in good agreement with literature 195. The 
alumination procedure resulted in a lattice expansion of 5 %. Na+AlMCM-48 showed a 
lattice expansion of 6 % compared to that of MCM-48. During the treatment with NH4+-
ions the cubic structure suffered an almost 38 % loss of crystallinity, which was 
accompanied by slightly decreased d100 and a0 values. The Na+AlMCM-48 material was 
used as the parent material for a further catalyst preparation by impregnation and ion 
exchange, whereas the H+AlMCM-48 material was only used for ion exchange 
procedures. 
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The SBA-15 type materials revealed highly ordered four to seven peak XRD 
patterns, attributable to a two-dimensional hexagonal p6m mesostructure (see Figure 
4.4) 86, 195. In contrast to the MCM type materials, the SBA-15 structure did not suffer 
from the post alumination treatment and retained its well ordered mesoporous 
structure and high hydrothermal stability. 
The d100 value of the SBA-15 materials was 10 .3 nm, indicative for a very large 
unit cell with a repeat distance a0 of 11.8 nm, which is in good agreement with Kleitz et 
al. 195 (see Table 4.3). The template removal and post synthesis alumination procedure 
resulted in an increase in the difference in the electron density, which resulted in an 
increased relative crystallinity of 19 %, accompanied by a slight pore shrinkage of 5 % 
106-108, 195
. 
Figure 4.4 XRD patterns of SBA-15 type support materials (in the box the Miller indices 
for this diffraction pattern are presented).  
4.2.2.4 Nitrogen sorption 
Generally, in nitrogen adsorption isotherms of mesoporous materials three well-
defined regions can be distinguished: 
(i) a linear increase of the adsorbed volume at low pressures due to a 
monolayer-multilayer adsorption on the pore walls; 
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(ii) a sharp increase in the adsorbed volume at intermediate pressures due to 
capillary condensation; 
(iii) a subsequent linear increase in the adsorbed volume vs. pressure at high 
pressures due to the multiplayer adsorption on the outer surface 86, 98. 
In Table 4.4 and Figure 4.5 the results of the nitrogen sorption experiments of 
the parent materials are presented. The surface areas (SA), pore sizes (PS) and pore 
volumes (PV) of the various materials were calculated using the Brunauer-Emmett-
Teller (BET) 185, 199 and Barrett-Joyner-Halenda (BJ H) 200 models. The thickness of the 
pore walls was subsequently calculated by subtracting the internal pore diameter from 
the repeat distance a0 obtained from XRD (vide supra) 98, 99.  
Table 4.4 BET SA, BJ H SA, BJ H PV and BJ H PS determined from nitrogen sorption of 
the support materials. 
Sample a BET SA[m2/g]
BJH SA
[m2/g]
BJH PV
[m3/g]
BJH PS
[Å] 
Wall thickness
[Å] 
MCM-41 809 686 0.47 27 18.2 
AlMCM-41 1068 1296 1.02 32 11.5 
H+AlMCM-41 918 976 0.75 31 11.7 
MCM-48 1296 1460 0.96 26 13.7 
AlMCM-48 (PS) 901 875 0.60 27 14.6 
AlMCM-48 947 1228 0.98 32 11.7 
H+AlMCM-48 986 1321 1.05 32 11.5 
SBA-15 763 627 1.01 64 54.0 
AlSBA-15 705 592 0.93 63 54.0 
a
 for denotation of the materials see Chapter Experimental, Table E.1  
Both the MCM-41 and MCM-48 type materials exhibited type IV isotherms 184, 
185, 201 and displayed a condensation step in the relative pressure (P/ P0) range between 
0 .2 and 0 .4 typical for uniform mesopores. In contrast to these materials, which 
showed typical pore sizes of ~30 Å 83, 184, a clear H1-type hysteresis loop was observed 
for the SBA-15 type materials 98, 108, with the capillary condensation occurring at a 
higher relative pressure range of 0.7 to 0.8 compared to the MCM type materials. 
The BET and BJ H surface area of the parent Na+-form AlMCM-41 showed 
exceptionally high sorption capacities, which decreased significantly for the H+-form of 
the support. The wall thicknesses of these materials were nearly similar; the slight 
differences might be caused by the removal of the Na+ ions. The pore size distributions 
of about 30 Å found for both the H+- and Na+-form of AlMCM-41 were typical for these 
type materials 200. 
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Figure 4.5 Nitrogen sorption isotherms of the support materials: (a) AlMCM-41; (b) 
H+AlMCM-41; (c) MCM-41; (d) MCM-48; (e) H+AlMCM-48; (f) AlMCM-48; (g) SBA-
15; (h) AlSBA-15. STP: Standard Temperature and Pressure.  
The highest BET surface area was found for the cubic MCM-48 material. 
However, the poorest properties were found for the same type of material after the post 
alumination procedure for Na+AlMCM-48, which was therefore not used for further 
experiments. The Na+- and H+-form of AlMCM-48 were used as the carrier materials 
for further heterogenisation experiments, with H+AlMCM-48 having higher BET and 
BJH surface areas and pore volumes. The pore sizes of these materials were found to be 
nearly similar. The relative pressure range for the hysteresis of the H+-form of AlMCM-
48 shifted slightly to higher nitrogen partial pressures, which is indicative for larger 
pore size distributions (see Figure 4.5). 
The sorption isotherms of the SBA-15 type materials featured hysteresis loops 
with sharp adsorption and desorption branches, showing the high quality of the 
materials. The adsorption branches were located at relative pressures range of from 
0 .70 to 0 .82, which was significantly higher than found for the MCM-type materials 
(see Figure 4.5) 106-108, 202. 
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Generally, the sharpness and height of the capillary condensation step in the 
isotherms of mesoporous molecular sieves is an indication for the pore size uniformity. 
The thickness of the pore wall was estimated to be ~10-20 Å for the MCM type 
materials, and between 30 Å to 60 Å for the SBA-15 materials, which were synthesised 
using block copolymers as the template. These thick pore walls might very well cause 
the comparatively high hydrothermal stability of the SBA-15 type materials.  
4.2.2.5 Acidity of the mesoporous carriers; IR spectroscopy of adsorbed pyridine 
To evaluate the strength and types of acid sites IR spectra of on the carrier 
materials adsorbed pyridine (Py) were measured between 150 °C and 400 °C after 
evacuation 76, 110 , 203. Pyridine reacts with both the Brønsted- and Lewis acid sites of the 
carriers, during which reaction with first site results in the formation of a pyridinium 
ion, while the pyridine molecule is coordinatively bound to the Lewis acid sites. Both 
the pyridinium ion and the coordinatively bound pyridine have characteristic IR 
absorption bands, making it possible to distinguish between the Brønsted and Lewis 
acid sites in zeolite samples, whilst the intensity of the bands gives information on the 
number of these sites. For example, the band at 1548 cm-1 is associated with a 
pyridinium ion formed when pyridine reacts with Brønsted acid sites. Bands at 1440-
1460 cm-1 are associated with pyridine coordinated to Lewis acid sites. In 
uncoordinated pyridine, the equivalent band appears at 1438 cm-1, and the stronger the 
Lewis acid site, the more this band is shifts to higher frequencies 110c, 204b. The 
corresponding assignments are presented in Table 4.5 203.  
Table 4.5 IR band assignments of pyridine adsorbed onto acidic catalysts. 
absorption maximum
[cm-1] adsorbed species acid site 
1635 pyridinium ion Brønsted 
1621 pyridine Lewis 
1576 pyridine Lewis 
1545 pyridinium ion Brønsted 
1495 aliphatic C-H bending - 
1490 pyridine+ pyridinium ion Lewis+ Brønsted
1462 aliphatic C-H bending - 
1455 pyridine Lewis 
1397 pyridinium ion Brønsted 
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The FT-IR spectra of the mesoporous materials recorded in the OH stretching 
vibrations region and in the 1400 1700 cm 1 frequency region are depicted in Figure 
4.6; these specific spectra were obtained after heating under vacuum at 400 °C. An 
intense band at 3743 cm-1, attributable to terminal Si-OH groups, and a broad band 
around 3600 cm-1 could be found in the spectra of the activated samples, where the 
latter band could be assigned to hydrogen bonded surface silanol groups. The Si-OH 
groups vibrating at ~3743 cm-1 may have some acidic properties. It should be noted that 
several types of Si-OH groups may vibrate in the region ~3745-3730 cm-1 (e.g., isolated, 
vicinal or geminal silanol groups). Isolated bridging Al(OH)Si groups cannot interact 
with pyridine, no bands are reported in literature concerning this species 110, 205, 206. 
Figure 4.6 FT-IR spectra of dehydrated mesoporous materials H+AlMCM-41, H-
AlMCM-48 and AlSBA-15, obtained in vacuum at 400 °C.  
Despite the reported mild acidity of AlMCM-41 materials and the presence of 
tetrahedral Al in its structure, no significant evidence for the formation of the bridging 
Al(OH)Si groups in ordered mesoporous materials is provided in literature. From the 
similarity of the other here investigated materials, it might be deduced that this may 
also apply for both materials AlMCM-48 and AlSBA-15. 
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In the 1400-1700 cm 1 region of the calcined and unloaded materials, only weak 
bands with negligible intensities were found. Loading the siliceous and Na+ ions 
containing mesoporous MCM-41, MCM-48 and SBA-15 type materials with pyridine did 
not lead to a significant change in the FT-IR spectra (not shown here). In contrast, in 
the spectra of H+AlMCM-41, H+AlMCM-48 and AlSBA-15 loaded with pyridine, strong 
bands due to C N vibrations of the probe molecules were found in the 1400-1700 cm 1 
region (see Figures D.3-D.5 in the Appendix). All samples showed the expected bands 
(see Table 4.5) due to hydrogen bonded pyridine (1447 and 1599 cm-1), Lewis-bound 
pyridine (1450 , 1575 and 1623 cm-1), pyridine bound on Brønsted acid sites (1545 and 
1640 cm-1) and a band at 1490 cm-1, attributable to pyridine associated with both Lewis 
and Brønsted acid sites 76, 100, 110, 111, 203, 205-208, 216. 
The spectra of pyridine adsorbed on H+AlMCM-41 clearly shows both Lewis and 
Brønsted acid sites with weak acidity 76, 82 93, 110 , 194, 206, 208 (see Figure D.3 in the 
Appendix). In Figure D.4 in the Appendix the spectra of H+AlMCM-48 materials, 
exhibiting both Lewis and Brønsted acid sites with weak-medium acidity, are presented. 
The IR spectra of pyridine adsorbed on AlSBA-15 are shown in Figure D.5 in the 
Appendix, revealing that AlSBA-15 also has both Lewis and Brønsted acid sites with 
medium acidity 111, 209-211. 
It is interesting to note that as the amount of framework aluminium increased 
the relative intensity of the weakly bonded hydrogen-bonded pyridine band decreased 
compared to the other bands. The intensity of the bands at 1455 and 1547 cm-1 
attributable to Lewis and Brønsted acid sites, increased with decreasing Si/ Al ratios, 
which indicated an increase in the acidic strength with decreasing Si/ Al ratios, thus 
showing a clear relationship between framework aluminium and the number of acid 
sites 100. 
The Lewis/Brønsted acid site ratios at the various temperatures were determined 
from the areas underneath the bands, and are presented in Table D.4 in the Appendix. 
The relative amounts of acid sites of the various mesoporous carrier materials are 
presented in Figure 4.7. The majority of sites generated in the AlMCM-41 and AlSBA-15 
type samples were found to be predominantly Lewis acidic sites, whereas the AlMCM-
48 exhibited a significant concentration of Brønsted acid sites. The relative amount of 
Lewis acid sites increased nearly linearly with rising temperature, showing a broad 
distribution of Lewis sites with regard to their strength. Of the acid sites at 400 °C in 
AlSBA-15 for example 97 % was Lewis acid. At 400 °C the signals for the Brønsted 
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acidic sites disappeared almost completely in AlSBA-15 and in H+AlMCM-41 and 
became very weak in H+AlMCM-48. Their Lewis acidic strength at 400 °C decreased in 
the order AlSBA-15 > H+AlMCM-41 > H+AlMCM-48; their Brønsted acidity H+AlMCM-
48 > H+AlMCM-41 > AlSBA-15. 
Figure 4.7 Acidity of the various mesoporous carriers.  
As is the case for zeolites, the precise nature of the Lewis acid sites is unknown, 
but an increasing Lewis acidity is clearly related to the presence of extra-framework Al 
formed during calcination. This is supported by the fact that for the AlSBA-15 the 
relative amount of Lewis acidity increased from 56 % up to 97 % at 400 °C. Thus, the 
modification of siliceous mesoporous materials may be a suitable way to generate acid 
sites compared with the aluminium introduction during the synthesis, as the 
incorporation of aluminium into the framework generates both Brønsted and Lewis 
acid sites 111, 205, 211.  
4.2.2.6 Total acidity of the mesoporous carriers; NH3-TPD 
Parallel to the pyridine absorption experiments, Temperature Programmed 
Desorption of ammonia (NH3-TPD) was performed to investigate the strength of the 
acid sites in the mesoporous materials 76, 110 , 148, 203. The amount of desorbed ammonia 
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corresponds with the total number of acid sites and was determined by integration of 
the TPD curves (see Figure D.6, Appendix and Table 4.6).  
Table 4.6 NH3-TPD of the carrier materials. 
Sample a Peak temperatureTmax [°C] 
NH3 desorbed
[mmol/g] 
MCM-41 - 0.068 
AlMCM-41 177 0.118 
H+AlMCM-41 186 0.641 
AlMCM-48 268 0.111 
H+AlMCM-48 213 0.574 
SBA-15 - 0.086 
AlSBA-15 290 0.144 
a
 for denotation of the materials see Chapter Experimental, Table E.1  
The acid sites corresponding to the desorption of ammonia between 100-240 °C, 
240-340 °C and 340-500 °C, can respectively be classified as weak, intermediate and 
strong acid sites. The desorption curves of AlMCM-41, AlMCM-48 and AlSBA-15 
consisted only of low and medium temperature peaks with a maximum between 177 °C 
and 290 °C. The peaks of siliceous and not protonated aluminosilicate support 
materials were present, although poorly distinguishable. As expected, these materials 
contained only an extremely low concentration of acidic sites 100, which were probably 
due to aluminium impurities or bridged silanol groups. The TPD profile of 
(Na+)AlMCM-48 showed higher temperature tailing (268 °C) than of (Na+)AlMCM-41 
(177 °C), supporting the findings of Pyr-FT-IR results (see Figure 4.6 and Figures D.3-
D.5 in the Appendix). More specifically, (Na+)AlMCM-48 contained medium strong 
Brønsted acid sites. 
The sharp peak at ~180 °C indicated that the AlMCM-41 type materials 
contained an abundant number of weak acid sites 76, 93, 110 , 203, 205. The peak at ~210 °C 
from the weak acid sites of H+AlMCM-48 and the peak at ~270 °C may be similar to the 
medium acid sites of Na+AlMCM-48. The peak at ~210 °C of H+AlMCM-48 was much 
sharper than that of Na+AlMCM-48 209, 210. The major part of the ammonia desorbed 
from the sites at around 280 °C, which might very well be corresponding to the medium 
acid sites of AlSBA-15 111, 211. As expected, the TPD profiles of pure silica SBA-15 and 
MCM-41 did not show any peaks 110 , 111, 203, 211a. The acidity of H+AlMCM-48 was 
somewhat lower than that of the corresponding substituted H+AlMCM-41, although the 
maximum temperature Tmax did not differ much (see Table 4.6). Furthermore, the NH3 
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desorption temperature was significantly lower for the MCM-41 type materials than for 
the MCM-48 type materials, which was probably due to lower acidic strength 205. 
From the Tmax values it is clear that AlSBA-15 contains medium acidic sites 
compared to the weak sites of AlMCM-41 of AlMCM-48. However, the acidity of all 
samples presented here was still weaker than that of most zeolites, where a TPD peak 
around 540 °C is typical, which was probably due to the amorphous nature of the pore 
wall of the mesoporous materials 111. 
As expected, the protonated and AlSBA-15 mesoporous materials revealed the 
largest number of strong adsorption sites for ammonia, with AlSBA-15 being the most 
acidic material in the present work. The siliceous samples MCM-41 and SBA-15 
contained only an extremely low concentration of acidic sites, which were probably due 
to aluminium impurities or bridged silanol groups. The acidic strength of the materials 
decreased in order AlSBA-15 > H+AlMCM-48 > H+AlMCM-41   
4.2.3 Characterisation of AlMCM-41 based heterogenised catalysts prepared by ion 
exchange and impregnation  
4.2.3.1 Thermo gravimetric analysis 
In Table 4.7 the thermo gravimetric analysis of the various on AlMCM-41 based 
heterogenised organometallic materials are presented. All heterogenised catalysts 
decomposed in one single step between 125 °C and 500 °C, except the Cr(III)-Cl centre 
containing NaAlMCM41C. The decomposition of this catalyst took place in a smaller 
temperature range of up to 400 °C. Contrary to the expectations of Frunza et al. 135, the 
decomposition of these catalysts does not occur in well defined steps; here, these 
overlap, resulting in one single decomposition step. At temperatures higher than 500 
°C only minor amounts were removed, probably due to condensation of silanol groups 
of the carrier materials. In Tables D.1 and D.2 in the Appendix the thermo gravimetric 
analysis of the various intermediates and the final supports are presented. 
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Table 4.7 Thermal analysis of on AlMCM-41 based heterogenised catalysts prepared by 
impregnation and ion exchange. 
mass loss 
[%] inflexion point Decomposition stepSample a 
b c [°C] [°C] 
NaAlMCM41A 11.4 1.2 352 125-500 
NaAlMCM41B 8.8 1.8 339 125-500 
NaAlMCM41C 4.8 0.0 336 125-400 
HAlMCM41A 12.2 1.3 336 125-500 
HAlMCM41B 9.4 0.7 349 125-500 
HAlMCM41C 4.8 0.7 347 125-500 
CoHAlMCM41Li 4.6 2.6 - 125-500 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 between 125-500 °C 
c
 between 500-1000 °C  
The corresponding TG and DTG curves of the various heterogenised materials, 
carriers, intermediates and organometallic complexes are presented in the Appendix in 
Figures C.3-C.5. For an easier understanding, the DTG curves of heterogenised catalysts 
are compared based on the three different metal centres. These DTG curves showed 
only very poorly defined peaks. 
Compared to the free complex these heterogenised complexes showed a 
somewhat different decomposition behaviour, which was probably due to guest/ host 
interactions, caused by the positive charge of the complex and the anionic host 
framework, similarly to the behaviour of pigment molecules embedded inside zeolites 
212
. Generally, the decomposition of the heterogenised catalysts occurred more slowly in 
one single step over a broader temperature range compared to the homogeneous 
materials. The decomposition temperatures shifted to higher temperatures for the by 
impregnation heterogenised metal salen complexes (see Table 4.7), which is an 
indication that the molecules are indeed embedded within the mesopores of the support 
material 135, 169. 
The by ion exchange heterogenised catalysts did not show a clear peak in the 
DTG curves at all. From the amounts of mass loss between 125 and 500 °C compared to 
the loss of mass of the ion exchanged carrier materials it is clear that the immobilised 
J acobsen s ligand was indeed present in the catalysts, although only in very low 
concentrations. 
From the differences in weight loss it is clear that more complex could be 
heterogenised using the impregnation method compared to the ion exchange method, 
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in which the ligand loading is the final step of the synthesis. As expected, the more acid 
H+AlMCM-41 carrier contains more organometallic complexes than its Na+ based 
counterpart. 
The amounts of complex that could be immobilised by impregnation decreased 
in the order Co(III)OAc > Co(II) > Cr(III)Cl centres. The higher weight loss of the by 
impregnation heterogenised salen complexes might be an indication for higher 
amounts of the complexes, which very likely incorporated inside the pores of the 
carriers.  
4.2.3.2 ICP AES: determination of the chemical composition 
The metal content of the AlMCM-41 based heterogenised materials was 
determined with ICP AES. In Table 4.8 the results for the on AlMCM-41 based 
heterogenised catalysts are summarised; the here presented data is an average of the 
several batches synthesised and used during this work. The ligand loading was 
determined using TGA, which will discussed in more detail elsewhere in this chapter. 
The metal/ Al molar ratio can be used to determine the amount of with ligand bonded 
metal ions. Here, the metal/ ligand ratio is not presented in weight percent to avoid 
possible interpretation problems due to the different amounts of water present in the 
samples, for which was corrected using the TGA data.  
Table 4.8 Composition of various AlMCM-41 based catalysts prepared by impregnation 
and ion exchange. 
Si/Al Na/Al Me/Al metal content ligand loading Me/ligand
Sample a 
ratio b, c [mmol/g] c [mmol/g] d ratio b 
NaAlMCM41A 45 0.19 0.77 0.24 e 0.19 1.26 
NaAlMCM41B 45 0.03 0.77 0.23 e 0.16 1.44 
NaAlMCM41C 42 0 .15 0.12 0.04 f 0.08 0.50 
HAlMCM41A 54 0.16 1.16 0.29 e 0.20 1.45 
HAlMCM41B 47 0.07 0.93 0.27 e 0.17 1.59 
HAlMCM41C 48 0.00 0.10 0.03 f 0.08 0.38 
CoHAlMCM41Li 48 0.10 0.18 0.05 e 0.08 0.63 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio 
c
 determined with ICP AES 
d
 determined with TGA 
e
 Co 
f
 Cr 
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Generally, the Si/ Al ratio did not change during the catalyst preparation. Only 
for the Cr centre containing NaAlMCM41C the Si/ Al ratio decreased, indicating some 
silica hydrolysis (for the mechanism see Chapter 3). The HAlMCM41A catalyst suffered 
a partial dealumination, as can be seen from the increased Si/Al ratio. 
Interestingly, the impregnation introduced some sodium into the framework of 
AlMCM-41, as all by impregnation synthesised catalysts show enhanced Na/ Al ratios 
compared to the values of the parent materials. The introduction of sodium led to 
decreasing framework acidity, which affected the amount of incorporable ligand 
molecules. Comparing the Na/Al ratio of the AlMCM-41 based catalysts to that of the on 
AlMCM-48 based ones (vide infra), it is remarkable that the AlMCM-41 based catalysts 
still contain less sodium than their AlMCM-48 counterparts. The AlMCM-48 
framework contained more sodium, but was able to host more ligand. An explanation 
might be found from Figure 4.7, in which the acidity of all in this work used support 
materials is presented. The AlMCM-48 has more Brønsted acid sites, while AlMCM-41 
and AlSBA-15 support materials presents stronger Lewis acidity. Probably, the stronger 
Brønsted acidity has a positive effect on the ligand absorption capacity of the support. 
The metal/ligand ratio should be 1, as there is a molar balance between the metal 
ion and the ligand. The difference in the metal content of the various materials can 
partially be explained by the use of several different batches of support material or by 
the individual ion exchange behaviour of the different cationic species. Furthermore, 
some cationic sites of the support framework might be difficult or even inaccessible for 
the metal ions 213, 214. This would mean that, even with a large excess of exchangeable 
metal ions, less metal ions are incorporated in the carrier than theoretically possible 16, 
196
. 
Surprisingly, the metal and ligand contents of homogeneous and heterogenised 
catalysts are rarely published. J acobsen et al. 13, 14, 16, 42 presented some data on the 
composition of the homogeneous catalysts, which showed it to be possible to 
immobilise the theoretically possible amount of metal ions with J acobsen s ligand with 
± 1 % tolerance. In literature, no results were found for heterogenised materials, except 
for the complex content reported by Kim et al. 163-166, who presented the immobilised 
amounts of Co(III)OAc salen metal complex in MCM-41. Using a multi grafting 
method, which was not applied in the present work, it was shown to be possible to 
immobilise up to 3.6 w % (0 .054 mmol) of complex inside the framework, whereas by 
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ion exchange up to 1.4 w % (0 .021 mmol) and by impregnation up to 5.7 w % (0 .086 
mmol) per g heterogenised sample could be immobilised. 
The Co/Al ratios of the by impregnation heterogenised catalysts were found to be 
much higher compared to the materials prepared via ion exchange. The H+-form of the 
carrier exchanged more metal ions than its Na+-form counterpart, possibly due to its 
higher acidity. Moreover, due to the previous NH4+-treatment, the proton in the lattice 
was easier to replace by the transition metal ions than the sodium ion. The highest 
Co/ Al ratio was found for HAlMCM-41 supports, which was significantly higher than 
the 0.021 mmol/g reported by Kim et al. 163. 
The metal containing supports generally showed low metal/ Al ratios, except for 
CoNaAlMCM41, for which similar values were found as for the impregnated catalysts. 
The Na+-form AlMCM-41 carrier exchanged more cobalt ions than its protonated form, 
whereas the chromium content of both forms is similarly low. Slightly more chromium 
ion could be incorporated into the framework by ion exchange than by impregnation, 
although the difference is negligible. 
CoHAlMCM41 did not loose cobalt ions during the ligand loading, suggesting 
that the metal ions were indeed incorporated into the framework. The metal/ ligand 
ratio of CoHAlMCM41Li was lower than 1, meaning a slight ligand excess, but likely all 
metal ions were coordinated with a ligand molecule. The compositions of the metal 
containing AlMCM-41 type support materials are presented in the Appendix in Table 
E.1. 
Concerning the ligand content, slightly more ligand could be loaded into the 
HAlMCM-41 carrier material, although the difference is negligible. The metal/ ligand 
ratio of all cobalt containing by impregnation prepared catalysts was larger than 1, 
showing that not all ions were able to form a complex. The metal/ ligand ratio of the 
chromium containing and the ion exchanged catalysts was smaller than 1 for all cases, 
which is an indication for a ligand excess. The here found values were similar to those 
found for the free salen complex.  
4.2.3.3 FT-Infrared spectroscopy 
The infrared spectra of the heterogenised catalysts were obtained from a 1:1 ratio 
mixture of KBr heated to 400°C and the catalysts heated to 100°C. Prior to the wafer 
preparation it was necessary to heat the catalysts to 100 °C in order to remove at least 
part of the physisorbed water without destroying the organic ligand due to any thermal 
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degradation. For clarity, the FT-IR spectra of the heterogenised catalysts are presented 
per organometallic complex centre. 
In Figure 4.8 the FT-IR spectra of the heterogenised catalysts based on Co(II) 
centres prepared by impregnation are presented. The FT-IR spectra of catalysts 
prepared via ion exchange followed by ligand loading, the catalysts based on 
Co(III)OAc and the materials based on Cr(III)Cl centres prepared by impregnation 
were presented in Appendix E.1-E.3. All heterogenised complexes showed a band 
between 1530-1560 cm-1, which clearly identified the metal salen complex. This band 
was only present in the spectra of the homogeneous complexes containing a metal 
centre, and not in the spectrum of pure J acobsen s ligand, showing the formation of the 
organometallic complex in the carrier materials 16, 135. 
Figure 4.8 FT-IR spectra of the on different support materials heterogenised catalysts 
based on Co(II) centres prepared by impregnation.  
In all figures (see Appendix), the characteristic bands of the corresponding 
organometallic complexes were present, although weak. The vibrations in the 3300-
2700 cm-1 region were the mostly recognisable bands. The double bond region between 
1900-1750 cm-1 and the C=N stretching vibrations, which were present in the spectra of 
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the homogeneous complexes, appeared weak and shifted somewhat upon the 
immobilisation in the heterogenised materials. Furthermore, these characteristic bands 
were weaker for the by ion exchange synthesised catalysts due to the lower complex 
loading. 
The other main characteristic band of the metal salen complexes was the C=N 
imine vibration band of the ligand at 1630 cm-1, which shifted to lower waver numbers 
at 1620-1610 cm-1 (see Figure 4.8 and Appendix, Figures E.1 to E.3), probably due to 
changes of the electronic structure of the complex caused by guest/host interactions 70. 
In the spectra of the materials based on Co-acetate (see Appendix, Figure E.2) 
the characteristic bands of the acetate group occurred at 1414 cm-1 and 1560 cm-1. The 
presence of the chromium(III) salen complex was proven by the bands at 1615 cm-1 and 
1535 cm-1 (see Appendix, Figure E.3).  
In the spectra of the heterogenised materials all characteristic bands were easy to 
recognise (see Figures 4.8 and Appendix, Figures Figures E.1 to E.3), besides the 
characteristic bands of the support materials (see Appendix, Figure D.2). The broad 
band at 3300 cm-1 could be assigned to >NH2+ stretching vibrations, confirming the 
axial coordination between the amino group and the metal 155. This supports and gives 
direct evidence of an immobilisation of the complex through coordinate bonding. The 
bands in the region 1640-1300 cm-1 in the spectra of the complex containing samples 
could be ascribed to C-C and C-O stretching modes in quasi-aromatic chelates in the 
metal salen 135, 156. A stable, strong band centred at 3747 cm-1 originated from isolated 
terminal silanol groups. The broad absorption band in the 3700-3000 cm-1 region 
probably originated from the stretching vibrations of H-bonded hydroxyl groups, but 
part of this band might very well stem from physisorbed water due to incomplete 
drying. Between 3800-3200 cm-1 signals attributable to surface hydroxyl groups 
appeared, and Si-O- and Al-O- stretching bands appeared between 1100-800 cm-1 82, 156. 
The structure of the spectra of the homogeneous complexes was relatively similar 
to those of the complex embedded on the several support materials 70. The intensity of 
these bands decreased from HAlMCM-41 to AlSBA-15, which might indicate that MCM-
41 type materials contained more of the complex than AlSBA-15 type materials; 
however, although in the spectra of the latter catalysts the characteristic bands of the 
metal salen complex were weak, they were clearly visible. 
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4.2.3.4 UV-Vis spectroscopy 
The heterogenised samples were also characterised with diffuse reflectance UV-
Vis spectroscopy. The assignment of the bands was rather difficult due to the complex 
transformation of the adsorbents in the mesoporous channels. For an easier 
interpretation of the metal complex containing materials, the spectra of the support 
materials were subtracted from the spectra of the immobilised catalysts. 
The spectrum of the salen ligand revealed several typical absorption bands, 
whose assignments were summarised in Table 4.2 146a, 155, 173. The charge transfer 
transitions of the homogeneous and the heterogenised organometallic complexes did 
not change but for the forbidden *, which shifted to slightly higher wavelength. As 
expected, the appearance of the charge transfer signals of the immobilised 
organometallic complexes were weaker than those of the homogeneous complexes (see 
Appendix, Figure C.2). The differences between the spectra of the free ligand, the metal 
salen complexes and the immobilised materials could be explained by the influence of 
the metal centre and the support materials on the spectra (see Appendix, Figure E.4). 
The spectra of the homogeneous systems and the heterogenised complexes 
showed similar bands, with few dislocations. This phenomenon might indicate that the 
delocalised  electron system was retained during the immobilisation process, 
eliminating guest/ host interactions 135, 146a. Furthermore, the vibration of all phenyl 
groups, besides the metal-ligand interactions, can be sterically blocked by the 
embedding inside the support material 146a, 215. There are indications that the internal 
surface of the Al loaded MCM-41 type materials is slightly more polar than water, i.e. 
hydrophilic, accommodating a strong coupling between the guest and the host 135. The 
complexes were more likely retained within the supports by pure electrostatic forces. In 
this case, the support acts as a macro counter ion via the surface silanol groups of the 
inner pore walls 177. 
Upon immobilisation the signal at about 410 nm of the homogeneous metal salen 
complexes appeared less intense which was very likely due to the low concentration of 
the complexes in the carriers, and the bands shifted to about 335 nm and 450 nm. The 
broad band at about 500 nm could no longer be found, except for the NaAlMCM-41B 
catalyst, where this band appeared clearly 134, 163. 
The diffuse reflectance spectra of the with Co(II) and Cr(III) ion exchanged 
materials were basically identical (and therefore not presented here), and showed two 
strong bands at 275 nm and 345 nm, both attributable to the n * and the * spin 
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allowed d d electron transitions of the low energy charge transfer between tetrahedral 
oxygen and the central metal ion. The broad absorption band in the calcined materials 
at ~300 nm could be assigned to metal ions in a tetrahedral coordination 112, 149, 177. In 
comparison, the ion exchanged samples without the ligand loading showed slightly 
broader bands, somewhat shifted toward higher wavelengths. These shifts were smaller 
than those expected for the substitution with J acobsen s ligand. 
The appearance or disappearance of the intense characteristic bands in Figure 
E.4 (see Appendix) could be explained by the concentration differences of the metal 
salen complexes in the samples. More measurements would be necessary to find the 
optimal concentration; however, as the amount of organometallic complex in the 
carriers was relatively low compared to the carrier, it remains questionable if this would 
result in more conclusive spectra. 
Nonetheless, the UV-Vis spectra of the heterogenised catalysts were very similar 
compared to those of the homogeneous molecules, with only minor changes in the 
intensities of the various bands. Figure E.4 in the Appendix shows these weak bands of 
the anchored complexes, which is a very strong indication that the complexes remained 
intact during the encapsulation process.  
4.2.3.5 X-ray Diffraction 
The structural properties of the on AlMCM-41 based heterogenised catalysts are 
presented in Table 4.9. The heterogenisation of the homogeneous organometallic 
compounds may have caused a partial irreversible change in the structural ordering of 
the carrier material. Therefore, the loss of relative crystallinity and the pore shrinkage 
can be attributed to the presence of the organometallic complex inside of the pores and 
possibly to an irreversible change in the structural ordering of the carrier material. 
Furthermore, this could also be an indication of the presence of the organometallic 
complex inside the mesopores, as the incorporation of organic species leads to a 
decrease in the difference in electron density between the pore walls and the now filled 
pores. 
To investigate the real effect of the heterogenisation method on the carrier 
structure, the heterogenised catalysts were calcined to remove the organic species from 
the mesopores. This calcination step resulted in an increased difference in the electron 
density between the pore walls and the pores. After the calcination, the structural 
properties of the heterogenised catalysts were determined again to verify if the 
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structural ordering of the catalysts was restored (see Appendix Table E.2). Upon 
calcination, the structural ordering of all catalysts was restored, except for 
NaAlMCM41B, which suffered an irreversible loss of the structural ordering of about 20 
% after the impregnation.  
Table 4.9 Structural properties of on AlMCM-41 based heterogenised catalysts. 
relative crystallinity d100 a0 Sample a 
[%] [Å] [Å]
AlMCM-41 b 100 37.4 43.1
NaAlMCM41A e 73 37.3 43.1
NaAlMCM41B e 82 37.1 42.8
NaAlMCM41C e 74 36.9 42.7
H+AlMCM-41 b 34 c 36.6 42.3
HAlMCM41A e 59 d 36.6 42.3
HAlMCM41B e 86 d 36.2 41.8
HAlMCM41C e 58 d 35.6 41.1
CoHAlMCM41Li f 120 d 37.0 42.7
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 parent material 
c
 relative to its parent material (Na+)-AlMCM-41 
d
 the relative crystallinity of the parent materials was defined as 100 % 
e
 prepared by impregnation 
f
 prepared by ion exchange followed by ligand loading  
In contrast to the by immobilisation prepared catalysts, the long range ordering 
of CoHAlMCM41Li (synthesised by ion- and post salen ligand exchange) did not suffer 
remarkably from the post ligand immobilisation treatment. This treatment resulted in 
an increase in the difference of electron density, which was expressed by an increased 
relative crystallinity, accompanied by a slight pore shrinkage. An explanation might be 
found in the low amounts of salen ligand. The ion exchange resulted in a slight lattice 
expansion and increased relative crystallinity. The lattice expansion was more 
significant in Na+AlMCM-41 than its H+-form counterparts. The results of the XRD 
analysis of the metal ions containing support materials are presented in the Appendix 
in Table E.1. 
In Figure 4.9 the XRD patterns of the on NaAlMCM-41 based catalysts are 
presented. The by impregnation prepared NaAlMCM41A, B and C catalysts revealed 
three well defined characteristic reflexions of the four already discussed in Figure 4.2 
(vide supra). The ion exchange with Co(II) and Cr(III) ions resulted in a stronger loss 
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of the structural ordering, as can be seen from the poorly defined d100 peak of the 
corresponding CoNaAlMCM41 and CrNaAlMCM41, the only metal ions containing 
support samples. The d110 and d200 reflexions were weak and broad, but still clearly 
recognisable. 
Figure 4.9 XRD patterns of the on (Na+)AlMCM-41 based heterogenised materials, 
prepared by both impregnation and ion exchange.  
The XRD patterns of the on H+AlMCM-41 based heterogenised materials are 
presented in the Appendix, Figure E.5. All reflexions were poorly defined, accompanied 
by a decrease in the intensity of the d100 reflexion. The metal ions containing supports 
suffered less structural damage than the by impregnation prepared catalysts. The XRD 
data and patterns of the H+AlMCM-41 suggest a more severe degradation of the 
mesoporous structure, very likely due to the protonation treatment (see Table 4.3).  
4.2.3.6 Nitrogen sorption 
In Table 4.10 the nitrogen sorption data of the on AlMCM-41 based 
heterogenised catalysts prepared by impregnation are presented. As expected, the BET 
surface areas of the catalysts decreased after immobilisation of the organic molecules 
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inside the porous structure. The decrease in BET surface areas of the by ion exchange 
treated supports could be explained by the high metal content of the carrier material. 
Both the BJ H surface areas and pore volumes decreased after the immobilisation of the 
organometallic complex.  
Table 4.10 BET SA, BJH SA, BJH PV and BJH PS determined from nitrogen sorption of 
on AlMCM-41 based materials containing different metal centres, prepared by 
impregnation. 
BET SA BJH SA BJH PV BJH PS Wall thickness
Sample a [m2/g] [m2/g] [m3/g] [Å] [Å] 
AlMCM-41 b 1068 1296 1.02 32 11.5 
NaAlMCM41A 963 895 0.82 37 6.3 
NaAlMCM41B 988 903 0.83 37 6.0 
NaAlMCM41C 998 998 0.94 38 5.0 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 parent material  
Generally, the pore size increased for the heterogenised samples, which increase 
was found to be higher for the impregnated catalysts compared to their by ion exchange 
treated counterparts (see Table E.4, Appendix). Furthermore, the immobilisation 
resulted in a significant reduction in the wall thickness. The wall thickness of the 
impregnated catalysts reduced from about Å 11 to 5-6 Å (see Table 4.10). The wall 
thickness of the metal containing supports was similar to that of the parent material. 
Furthermore, the decrease in the wall thickness and resulting increase in the pore size 
might very well explain the reduced thermal stability of the impregnated catalysts. 
The pore volume of the catalysts prepared by impregnation increased in the 
order NaAlMCM41A < NaAlMCM41B < NaAlMCM41C, which might very well be due to 
the presence of a decreasing amount of incorporated metal salen complex, which fills 
the pores of the catalysts and restricts the access of nitrogen to these pores. These 
results are in good agreement with the results obtained from TA (vide supra). 
The results for the on the H+-form of AlMCM-41 based heterogenised catalysts 
are presented in Table 4.11. All materials suffered a loss of the micropore volume and 
both the BET and BJ H surface areas. The decrease in the BET surface area upon 
heterogenisation might be due to the partial destruction of the lattice (vide supra). The 
relative pressure range of the hysteresis of these samples did not change significantly 
due to the poor filling of the pores. The relative pressure range where the hysteresis 
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occurred shifted significantly to lower relative pressures for the impregnated materials, 
probably due to the presence of the by the organic molecules filled pores. 
The pore volumes decreased in the order HAlMCM41A > HAlMCM41B > 
CoHAlMCM41Li  HAlMCM41C, which is a strong indication for incorporation of the 
metallo-organic species. Compared to the parent H+AlMCM-41 material, the pore sizes 
of the catalysts were found to decrease as well. Generally, the wall thickness increased, 
with the exception of HAlMCM41C. The decrease in wall thickness of HAlMCM41C 
again might be an explanation of the decreased hydrothermal stability of this material. 
The AlMCM-41 based materials were found to have higher BET and BJ H surface areas 
and BJ H pore volumes than the H+-based counterparts, probably due their more intact 
mesoporous structure (see Tables 4.10 and 4.11).  
Table 4.11 BET SA, BJ H SA, BJ H PV and BJ H PS determined from nitrogen sorption of 
on H+AlMCM-41 based materials containing different metal centres, prepared by 
impregnation or ion exchange. 
BET SA BJH SA BJH PV BJH PS Wall thicknessSample a [m2/g] [m2/g] [m3/g] [Å] [Å] 
H+AlMCM-41 b 918 976 0.75 31 11.7 
HAlMCM41A 657 495 0.37 30 12.0 
HAlMCM41B 732 628 0.45 29 12.9 
HAlMCM41C 823 751 0.56 30 11.2 
CoHAlMCM41Li c 807 791 0.59 30 12.6 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 parent material  
The results of by ion exchange treated H+AlMCM-41 type support materials are 
presented in Appendix Table E.4. Obviously, the BET surface areas, the micropore 
areas and the pore volumes of the metal ion containing materials were higher than 
those of the impregnated samples, as there were no organic molecules present which 
could occupy the pores and thus restrict the access of nitrogen. However, comparison of 
the sorption data of the ion exchanged supports and their parent material strongly 
suggests the presence of metal ions in the lattice because of the decreased sorption 
values. 
The nitrogen sorption isotherms of the on H+- or Na+-form AlMCM-41 based 
catalysts are presented in Figure E.6 (see Appendix). Upon loading of the ion 
exchanged parent support CoHAlMCM41 with the salen ligand, thus obtaining 
CoHAlMCM41Li, a clear decrease in the BET surface area, the micropore area and pore 
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volume was found, which is a strong indication that the organic species were indeed 
present inside the pores of the materials. The pore size of CoHAlMCM41, the catalyst 
synthesised by ion exchange and post ligand treatment, decreased compared to the 
parent materials, whereas the wall thickness slightly increased. The characteristic 
capillary condensation regions shifted to lower nitrogen partial pressures, which again 
is a strong indication that the organic complex is present inside the mesopores. 
In Figure E.6 in the Appendix the results of the nitrogen sorption analysis of the 
H+- and Na+-AlMCM-41 based catalysts are presented. The characteristic capillary 
condensation regions shifted to lower nitrogen partial pressures, showing the organic 
complex content of the mesopores.  
4.2.4 Characterisation of AlMCM-48 based heterogenised catalysts prepared by ion 
exchange and impregnation  
4.2.4.1 Thermo gravimetric analysis 
In Table 4.12 the results of the thermo gravimetric analysis of the various on 
AlMCM-48 based heterogenised organometallic materials are presented. All 
heterogenised catalysts decomposed in one single step between 125 °C and 500 °C, 
similar to the AlMCM-41 based materials, except the Co(II) centre containing 
NaAlMCM48B. The decomposition of this catalyst took place in a broader temperature 
range of up to 600 °C. At temperatures higher than 500 °C only minor amounts were 
removed, probably from the condensation of silanol groups. In Tables D.1 and D.2 (see 
Appendix) the results from the thermal analysis of the various intermediates and the 
final supports are presented.  
Table 4.12 Thermal analysis of the AlMCM-48 based heterogenised catalysts prepared 
by impregnation and ion exchange. 
mass loss
[%] inflexion point decomposition stepSample a 
b c [°C] [°C] b 
NaAlMCM48A 14.2 2.2 339 125-500 
NaAlMCM48B 12.4 1.7 349 125-600 
NaAlMCM48C 15.6 1.0 335 125-500 
CoNaAlMCM48Li 6.1 1.7 - 125-500 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 between 125-500 °C 
c
 between 500-1000 °C 
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The corresponding DTA curves (see Appendix, Figures C.3-C.5) showed broad, 
poorly defined peaks. From the amounts of mass loss in the first decomposition step 
between 125 and 500 °C it can be concluded that the immobilised J acobsen s ligand was 
indeed present in the catalysts, although only in very low concentrations. Compared to 
the homogeneous complex these heterogenised complexes showed a somewhat 
different decomposition behaviour. The by impregnation synthesised heterogenised 
metal salen complexes showed a shift to slightly higher decomposition temperatures 
(see Table 4.12). This might very well be related to the guest/ host interactions. 
Moreover, the decomposition of the heterogenised complexes occurred more slowly 
over a broader temperature range than found for their homogeneous counterparts. 
The differences in weight loss between the by impregnation and by ion exchange 
heterogenised complexes (see Table 4.12) strongly indicate that more complex could be 
heterogenised using the impregnation method. The amount of catalyst incorporated by 
impregnation decreased in order Cr(III)Cl > Co(II) > Co(III)OAc. The amounts of 
immobilised complex on AlMCM-48 were compared to their AlMCM-41 and AlSBA-15 
based counterparts. The highest amount of complex could be incorporated into the 
AlMCM-48 carrier. The only difference that was found besides their mesoporous 
structure type was that AlMCM-48 showed the highest Brønsted acidity among the 
carriers used in this work. This might very well refer to the influence of the Brønsted 
acidity of the various carriers on the possibly incorporable complex amount. 
This might very well be partially explained by the Brønsted acidity of the various 
carriers; AlMCM-48 showed the highest Brønsted acidity among the in this thesis used 
carriers.  
4.2.4.2 ICP-AES: determination of the chemical composition 
The compositions of the on AlMCM-48 based heterogenised catalysts are 
summarised in Table 4.13. The ligand loading was determined using TGA, which is 
discussed in more detail elsewhere in this chapter. Generally, the by impregnation 
prepared catalysts suffered a decrease in Si/ Al ratio, probably due to silica hydrolysis. 
The by ion exchange and following ligand loading prepared CoNaAlMCM48Li showed 
strong increased Si/ Al ratios, indicating a strong partial dealumination. Contrary to the 
findings of AlMCM-41 based catalysts, AlMCM-48 lost sodium during the 
impregnation. The CoNaAlMCM48Li even lost al its sodium content, thus creating a 
Heterogenisation of Jacobsen type catalysts in M41S type materials                         Ch. 4 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯  
-98-
 
more acidic framework. This more acid AlMCM-48 framework was able to host more 
ligand molecules, in contrast to the AlMCM-41 based catalysts.  
Table 4.13 Composition of the various AlMCM-48 based catalysts prepared by 
impregnation and ion exchange. 
Si/Al Na/Al Me/Al metal content ligand loading Me/ligand
Sample a 
ratio b, c [mmol/g] c [mmol/g] d ratio b 
NaAlMCM48A 18 0.50 0.40 0.29 e 0.24 1.21 
NaAlMCM48B 18 0.49 0.44 0.32 e 0.23 1.39 
NaAlMCM48C 18 0.00 0.07 0.05 f 0.27 0.19 
CoNaAlMCM48Li 48 0.49 0.18 0.05 e 0.11 0.45 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio 
c
 determined with ICP AES 
d
 determined with TGA 
e
 Co 
f
 Cr  
The Co/ Al ratio of the by impregnation heterogenised catalysts were found to be 
much higher compared to the materials prepared via ion exchange. The cobalt content 
of NaAlMCM48A and B was with 0 .30 mmol/ g found to be more than 10 times higher 
than the 0 .021 mmol/ g reported by Kim et al. 163 on MCM-41 supports. Unfortunately, 
no literature was found concerning the organometallic content of AlMCM-48 based 
heterogenised materials. 
The metal containing supports generally showed lower metal/Al ratios compared 
to their by impregnation prepared AlMCM-48 based counterparts. However, there was 
no remarkable difference between the metal load of the Na+- and H+-forms AlMCM-48 
support materials. Furthermore, more chromium ions could be incorporated by ion 
exchange than by impregnation. During the ligand loading of CoNaAlMCM48Li the 
framework lost most of the cobalt ions, indicating that those were not bonded to the 
framework were likely present on the outer surface of the carrier. Comparing al three 
metal containing support materials the cobalt ion content after ion exchange decreased 
in order AlMCM-41 > AlMCM-48 > AlSBA-15, whereas the chromium content increased 
in order AlMCM-48 > AlSBA-15 > AlMCM-41. The composition of the metal containing 
AlMCM-48 type support materials data is presented in the Appendix in Table F.1. 
Concerning the ligand content, in the cobalt containing NaAlMCM48A and B an 
almost 1:1 metal ligand ratio was obtained; these materials only had a minor metal 
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overload. The metal/ ligand ratio of the ion exchanged CoNaAlMCM48Li showed an 
excess of ligand. Interestingly, only a very low amount of chromium ion could be 
immobilised into NaAlMCM48C, whereas its ligand loading was 5 times higher. The 
here found values were similar to those found for the free salen complex. 
Finally, the impregnation of the AlMCM-48 support material resulted in loss of 
sodium ions. The increased framework acidity seemed to have a Brønsted character, 
which had a positive effect on the ligand loading.  
4.2.4.3 FT-IR and UV-Vis spectroscopy 
The AlMCM-48 based materials were also characterised with FT-IR and UV-Vis 
spectroscopy, obtaining the same results as found for the AlMCM-41 based materials 
(see Figures E.1-E.3 and E.4, respectively). Because of these similar results the author 
would like to refer to paragraph 4.2.3.3 for a more elaborate discussion.  
4.2.4.4 X-ray Diffraction 
The XRD patterns of on NaAlMCM-48 based catalysts are shown in Figure 4.10 . 
All samples retained their cubic structure; however, the metal salen complex containing 
materials revealed a loss in the relative intensity of the d100 reflexion and showed poorly 
defined broad d420 and d332 reflexions. Both the Co(II) (NaAlMCM48A-B) and Cr(III) 
salen complex containing (NaAlMCM48C) samples displayed a well defined structural 
ordering. Among the only metal ions containing supports, CrNaAlMCM48 presented 
the best resolved structure, showing six characteristic reflexions. 
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Figure 4.10 XRD patterns of the on AlMCM-48 support material heterogenised 
catalysts prepared by impregnation and ion exchange.  
The structural properties of the by impregnation and ion exchange on the 
AlMCM-48 type carrier heterogenised catalysts are presented in Table 4.14. The 
incorporation of the cobalt and chromium based organometallic complexes resulted in 
a loss of the relative crystallinity of about 10-20 % for all materials, accompanied by 
slight decrease of the d100 spacing and a0 values. This might very well be due to the 
partial filling of the pores by organometallic species. 
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Table 4.14 Structural properties of on AlMCM-48 based heterogenised catalysts 
prepared by impregnation and by ion exchange. 
relative crystallinity d100 a0 Sample a 
[%] [Å] [Å]
AlMCM-48 b 100 36.0 88.2
NaAlMCM48A 82 36.0 88.2
NaAlMCM48B 87 36.2 88.6
NaAlMCM48C 81 36.0 88.1
CoNaAlMCM48Li 74 35.3 86.5
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 parent material  
CoNaAlMCM48Li suffered with 26 % the highest loss of crystallinity, combined 
with a slight pore shrinkage, probably due to the ion exchange and subsequent ligand 
treatments. The relative crystallinity decreased in the order NaAlMCM48B > 
NaAlMCM48A > NaAlMCM48C > CoNaAlMCM48Li. Interestingly, the organometallic 
complexes with side chains (C catalyst with Cr(III)-Cl centre and A catalyst with 
Co(III)-OAc centres, respectively) did not affect the structural properties of the 
AlMCM-48 type support as much as found for the Co(II) metal salen complex 
containing NaAlMCM48B. 
Again, to investigate the real effect of the heterogenisation method on the carrier 
structure, the heterogenised catalysts were calcined to remove the organic species from 
the mesopores. This calcination step resulted in an increased difference in the electron 
density between the pore walls and the pores. After the calcination, the structural 
properties of the heterogeneous catalysts were determined again to verify if the 
structural ordering of the catalysts was restored. 
Upon calcination of the organometallic compound containing materials, the 
structural ordering of all AlMCM-48 type catalysts suffered a slight deterioration of the 
well ordered 3D structure; NaAlMCM48C regained the highest crystallinity, suffering 
only 10 % loss (see Table F.2 in the Appendix). The slightly decreased structural 
properties of all calcined samples suggested pore shrinkage due to the oxidation of the 
incorporated metallo-organic complexes. This again is a strong indication that the 
complexes were located inside the mesopores. Consequently, the loss of structural 
ordering of the framework of these materials was real and not attributable to the 
presence of organic species inside the pores. 
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In correspondence to the findings of the by immobilisation prepared catalysts, 
the ion exchange treatment also resulted in a slight pore shrinkage. The ion exchange 
treatment was applied to both Na+- and H+-type AlMCM-48 supports. The d100 spacing 
and a0 unit cell parameters decreased as a result of incorporation of the metal ions. The 
Na+ containing AlMCM-48 showed a decrease in its relative crystallinity of ~15 %. The 
relative crystallinity of the H+AlMCM-48 supports increased slightly, possibly due to 
changes in electron density differences. The structural properties of the from ion 
exchange obtained supports are presented in the Appendix, Table F.3. 
The characteristic reflexions of the metal ions containing H+AlMCM-48 type 
materials are presented in Figure F.1 (see Appendix). CoHAlMCM48 showed a higher 
intensity than found for CrHAlMCM48; however, both the d321 and d400 reflexions 
disappeared, and the d420 and d332 reflexions were not as well defined as for 
CrHAlMCM48. Because of these poor structural properties of these supports, no further 
immobilisation experiments were performed with the H+AlMCM-48 parent material.  
4.2.4.5 Nitrogen sorption 
In Table 4.15 the nitrogen sorption data of the AlMCM-48 based catalysts is 
presented. Generally, the BET and micropore surface areas and the pore volumes of all 
here presented materials decreased. The results suggest that all heterogenised catalysts 
contained organic metal salen complexes, which amount decreased in the order 
NaAlMCM48C > NaAlMCM48A > NaAlMCM48B. The surface area and pore volume of 
the by impregnation prepared catalyst NaAlMCM48B were lower than the by ion 
exchange prepared CoNaAlMCM48Li, suggesting the presence of a higher amount of 
organic complex inside the pores. The BET surface areas of the from ion exchange 
obtained support CoNaAlMCM48 and catalyst CoNaAlMCM48Li increased compared 
to the parent material; only CoNaAlMCM48 showed an increase in micropore surface 
area and pore volume. 
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Table 4.15 BET SA, BJ H SA, BJ H PV and BJ H PS determined from nitrogen sorption of 
on AlMCM-48 based materials containing different metal centres prepared by 
impregnation and by ion exchange. 
BET SA BJH SA BJH PV BJH PS wall thicknessSample a 
[m2/g] [m2/g] [m3/g] [Å] [Å] 
AlMCM-48 b 947 1228 0.98 32 11.7 
NaAlMCM48A 855 977 0.75 31 13.2 
NaAlMCM48B 831 718 0.56 31 13.1 
NaAlMCM48C 896 831 0.63 30 13.2 
CoNaAlMCM48Li 992 884 0.67 30 12.9 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 parent material  
In contrast to the parent H+-form of AlMCM-48, the Na+-based materials 
suffered a loss in micropore volume and surface area and a decrease of the wall 
thickness upon ion exchange (see Appendix, Table F.4). For the chromium(III) ion 
containing supports, only CrNaAlMCM48 showed a decrease in the micropore area and 
pore volume, which might be the result of a partial blockage of the surface by the metal 
ions. The pore size did not change significantly.  
The nitrogen sorption isotherms of the on AlMCM-48 based catalysts are 
presented in Figure F.2 of the Appendix. The characteristic capillary condensation 
regions of the by impregnation prepared catalysts shifted to lower nitrogen partial 
pressures, which reveal the organic complex content of the mesopores. The relative 
pressure of the hysteresis of the by ion exchange and post-salen ligand treatment 
prepared CoNaAlMCM48Li shifted to lower relative pressures, probably due to the 
ligand loading. As expected, for the only metal ions containing materials Co and 
CrNaAlMCM48 no change was observed.  
4.2.5 Characterisation of AlSBA-15 based heterogenised catalysts prepared by ion 
exchange and impregnation  
4.2.5.1 Thermo gravimetric analysis 
The results of the thermo gravimetric analysis of on the AlSBA-15 heterogenised 
complexes are presented in Table 4.16. Again, all heterogenised catalysts decomposed 
in one single step between 125 °C and 500 °C, similar to the on MCM type carriers 
based materials. As observed previously, the decomposition of these catalysts did not 
show well defined fragments, but overlapped, resulting in one single decomposition 
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step. At temperatures higher than 500 °C only minor amounts were removed from the 
condensation of silanol groups. In the Appendix in Tables D.1 and D.2 the thermal 
analysis of the various intermediates and the final supports is presented. 
The corresponding DTA curves (see Appendix, Figures C.3-C.5) showed only very 
poorly defined peaks. However, the amounts of mass loss between 125 and 500 °C 
clearly indicate that the J acobsen s ligand was indeed immobilised, although only in 
very low concentrations. The decomposition behaviour of these materials is similar to 
the previous ones found for MCM type catalysts. The decomposition temperatures 
shifted to higher values for the metal salen complexes heterogenised by impregnation 
(see Table 4.16), which might be an indication that the molecules are indeed embedded 
within the mesopores of the support material 135, 169. The differences in weight loss 
clearly suggest that more complex could be heterogenised using the impregnation 
method than with the ion exchange method followed by a ligand loading final step.  
Table 4.16 Thermal analysis of the AlSBA-15 based heterogenised catalysts prepared by 
impregnation and ion exchange. 
mass loss 
[%] inflexion point decomposition stepSample a 
b c [°C] [°C] b 
AlSBA15A 6.3 1.4 309 125-500 
AlSBA15B 6.6 0.8 323 125-500 
AlSBA15C 6.6 2.4 316 125-500 
CoAlSBA15Li 3.7 0.9 - 125-500 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 between 125-500 °C 
c
 between 500-1000 °C  
The on AlSBA-15 heterogenised complexes decomposed more rapidly than the on 
AlMCM-41 and AlMCM-48 heterogenised materials. This might be connected to the 
acidic character of AlSBA-15 host materials. Less acidic sites stem from a lower amount 
of tetrahedral coordinated aluminium ions; thus, less metal ions are needed to maintain 
the electro neutrality of the framework. This suggests that not all J acobsen salen 
complexes are held by ionic interaction between guest and the host framework. 
Possibly, due to the lower amount of Brønsted acid sites, the AlSBA-15 support 
was not able to host as much complex as its MCM type counterparts, especially 
compared to the AlMCM-48 type materials with proven stronger Brønsted acidity. 
However, due to its stable framework, AlSBA-15 is more resistant against the 
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destructive character of the two steps ion exchange synthesis method, and is thus able 
to host more Jacobsen ligand than AlMCM-41 type materials.  
4.2.5.2 ICP-AES: determination of the chemical composition 
The composition of the on AlSBA-15 supported heterogenised catalysts, as 
determined with ICP-AES, is presented in Table 4.17. All AlSBA-15 type heterogenised 
catalysts show increased Si/ Al ratios, generally indicating dealumination of the AlSBA-
15 framework. Especially the Si/ Al ratio of the ion exchanged CoAlSBA15Li was 
remarkably high, which might very well be caused by a more severe destruction of the 
framework by this treatment. The Na/ Al ratios showed that no sodium was introduced 
by the treatments, with exception of the by impregnation prepared AlSBA15A that 
showed a slightly increased Na/ Al ratio. It is interestingly to observe that generally the 
impregnation step, especially the impregnation with the Co(III)OAc based complex, is 
accompanied by the introduction of sodium for the AlMCM-41 carrier, whereas for 
AlMCM-48 a loss of sodium was observed, and for AlSBA-15 the sodium content did not 
change during the treatment. This might be due to the stronger Lewis acidity of the 
AlMCM-41 support.  
Table 4.17 Composition of the various AlSBA-15 based catalysts prepared by 
impregnation and ion exchange. 
Si/Al Na/Al Me/Al metal content ligand loading Me/ligand
Sample a 
ratio b, c [mmol/g] c [mmol/g] d ratio b 
AlSBA15A 33 0.10 0.71 0.30 e 0.10 3.00 
AlSBA15B 33 0.00 0.69 0.27 e 0.12 2.25 
AlSBA15C 33 0.00 0.10 0.04 f 0.11 0.36 
CoAlSBA15Li 48 0.00 0.18 0.05 e 0.07 0.71 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio 
c
 determined with ICP AES 
d
 determined with TGA 
e
 Co 
f
 Cr  
The Co/ Al ratio of the catalysts heterogenised by impregnation were found to be 
much higher compared to the CoAlSBA15Li prepared via ion exchange. Their cobalt 
content was with 0 .30 mmol/ g almost 15 times higher than the 0 .021 mmol/ g reported 
by Kim et al. 163 in MCM-41 supports. Even with ion exchange a 2 times higher amount 
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of cobalt ions could be immobilised. Thus far, no literature was found on the 
organometallic complex content of AlSBA-15 based heterogenised catalysts. 
The metal containing supports generally showed low metal/ Al ratios. More 
chromium ions could be incorporated by ion exchange than by impregnation. 
Comparing the CoAlSBA15Li to its parent material CoAlSBA15, the parent did not loose 
cobalt ions during the ligand loading. This suggests that the metal ions were indeed 
incorporated into the framework. The metal/ ligand ratio of CoAlSBA15Li was smaller 
than 1, showing a slight ligand excess, but probably all metal ions were bonded to a 
ligand molecule. The compositions of the metal containing AlBSA-15 type support 
materials are presented in Table G.1 in the Appendix. 
Concerning the ligand content, almost the same amount of ligand (~0.10 
mmol/g) could be immobilised into the host by impregnation, independent of the metal 
centre of the salen complex. This might be explicable with the framework acidity; 
AlSBA-15 contained the lowest amounts of Brønsted acid sites among the carriers used 
in this work, and it also seemed to accept lower amounts of ligand molecules. This 
behaviour was also observed for the other MCM type supports. For the high amounts of 
metal ion containing AlSBA15A and AlSBA15B this weak Brønsted acidity created an 
unfavourable situation, as more metal ions could be incorporated into the framework 
than ligand molecules. The metal/ ligand loading of the Co containing AlSBA15A and 
AlSBA15B catalysts suggest high metal excess.  
4.2.5.3 FT-IR and UV-Vis spectroscopy 
The AlSBA-15 based materials were also characterised with FT-IR and UV-Vis 
spectroscopy, obtaining the same results as found for the MCM-41 based materials (see 
Figures E.1-E.3 and E.4, respectively). Because of these similar results the author would 
like to refer to paragraph 4.2.3.3 for a more elaborate discussion.  
4.2.5.4 X-ray Diffraction 
The structural properties of the on AlSBA-15 based heterogenised catalysts are 
presented in Table 4.18. The relative crystallinity decreased in order AlSBA15C > 
AlSBA15A > CoAlSBA15Li > AlSBA15B. The Co(II)salen complex containing AlSBA15B 
catalyst suffered the most from the immobilisation treatment. The d100 spacing and a0 
values decreased as well, implying pore shrinkage. The XRD patterns of the AlSBA-15 
based materials are presented in Figure 4.11. 
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Table 4.18 Structural properties of on AlSBA-15 based heterogenised catalysts prepared 
by impregnation and ion exchange. 
relative crystallinity d100 a0 Sample a 
[%] [Å] [Å] 
AlSBA-15 b 100 98.3 113.6
AlSBA15A 89 102.6 118.4
AlSBA15B 60 97.6 112.7
AlSBA15C 91 100.5 116.1
CoAlSBA15Li 73 98.8 114.1
a for denotation of the materials see Chapter Experimental, Table E.1 
b
 parent material 
Figure 4.11 XRD patterns of the on AlSBA-15 support material heterogenised catalysts 
prepared by impregnation and ion exchange.  
The other catalysts showed some lattice expansion, which was an indication for 
the presence of the organometallic complexes inside the pores. The incorporation of the 
metal salen complexes resulted in a similar reduction of the structural ordering as 
found for other supports (vide supra). 
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Upon calcination AlSBA15B showed a slight lattice expansion, and only the 
structural ordering of AlSBA15C catalyst could be fully restored. The lattice expansion 
of AlSBA15A could not be restored fully upon calcination and AlSBA15B suffered 
slightly under pore shrinkage due to the immobilisation treatment. From the 
calcination experiments is was clear that the loss in structural ordering of catalyst 
AlSBA15A and AlSBA15B was real, and not partially attributable to the presence of 
organic species inside the pores, which caused a decrease in the difference in electron 
density in the system. The corresponding experimental data is presented in the 
Appendix in Table G.2. 
The from ion exchange obtained AlSBA-15 support materials suffered an almost 
20 % loss of crystallinity and an increase in d-spacing and a0 values. The mesoporous 
ordering of CoAlSBA15Li suffered additional deterioration, most likely as a result of 
ligand loading after the ion exchange treatment. However, the extent of lattice 
expansion of its parent material CoAlSBA15 did not increase further, probably due to 
the small amount of ligand loading, as was found with TA (vide supra). The structural 
properties of the from ion exchange obtained supports are presented in Table G.3 of the 
Appendix. 
Due to the excellent hydrothermal stability of the AlSBA-15 each heterogenised 
material showed a clear, highly ordered mesoporous structure, and the materials 
retained their typical reflexion patterns independently of the treatment method. 
However, the intensity of the d100 peak of AlSBA15B decreased noticeably upon 
incorporation of the organometallic Co(II) complex. Generally, none of the catalysts 
was completely destroyed upon incorporation of the organometallic complex. As shown 
by calcination of these materials, the incorporation of the metal salen complexes did 
not affect the structural ordering of the AlSBA-15 support material to such extent, as 
was found for other supports.  
4.2.5.5 Nitrogen sorption 
In Table 4.19 the results of nitrogen sorption experiments of the AlSBA-15 based 
materials are presented. Compared to the parent material AlSBA-15, each catalyst 
showed much lower surface areas and pore volumes, which again is a strong indication 
for the presence of the organometallic species inside the pores of the catalysts. The 
amount of incorporated metal salen complex decreased in the order AlSBA15A > 
AlSBA15B > AlSBA15C > CoAlSBA15Li. The surface area and micropore volume of the 
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by impregnation prepared catalysts were found to be lower than for the by ion exchange 
prepared supports and catalyst CoAlSBA15Li. The presence of higher amounts of 
organic complex inside the pores in the by impregnation prepared catalysts is in good 
agreement with the findings detected by TA (vide supra). However, the decreased 
nitrogen sorption values and isotherms of the only ion exchanges materials still suggest 
that the porous structures is at least partially filled by metal ions. The sorption data of 
only ion exchanged AlSBA-15 support materials are presented in the Appendix in Table 
G.4.  
Table 4.19 BET SA, BJH SA, BJH PV and BJH PS determined from nitrogen sorption of 
on AlSBA-15 based materials containing different metal centres prepared by 
impregnation and ion exchange. 
BET SA BJH SA BJH PV BJH PS wall thicknessSample a [m2/g] [m2/g] [m3/g] [Å] [Å] 
AlSBA-15 b 705 592 0.93 63 54.0 
AlSBA15A 435 428 0.75 70 48.5 
AlSBA15B 442 450 0.70 63 50.1 
AlSBA15C 512 484 0.81 67 49.0 
CoAlSBA15Li 519 518 0.92 71 43.3 
a
 for denotation of materials, see Chapter Experimental, Table E.1 
b
 parent material  
The nitrogen sorption isotherms of all on SBA-15 based heterogenised materials 
are presented in the Appendix in Figure G.1. The characteristic capillary condensation 
regions of the by impregnation prepared AlSBA15A, B and C catalysts shifted to 
significantly lower nitrogen partial pressures, which reveals the organic complex 
content of the mesopores. As expected, for the only metal ions containing materials 
CoAlSBA15 and CrAlSBA15 only a slightly change was observed compared to the parent 
AlSBA-15. The relative pressure range of the by ion exchange and post ligand loading 
prepared CoAlSBA15Li, where the hysteresis occurred, shifted to lower relative pressure 
compared to that of its parent material CoAlSBA-15, which is probably due to the ligand 
loading. 
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4.3 Conclusions  
In this Chapter the heterogenisation of the cobalt and chromium based 
J acobsen s catalysts in the mesoporous carrier materials AlMCM-41, AlMCM-48 and 
AlSBA-15 by ion exchange and impregnation, based on a procedure developed by Kim 
et al. 163, was investigated. The materials were characterised using several different 
characterisation techniques; their properties were compared with those of the carrier 
materials and with the metal ion exchanged carriers. 
The acidity of the protonated, aluminium containing support materials was 
investigated with FT-IR spectroscopy using pyridine as probe molecule, and with 
Temperature Programmed Desorption of ammonia (NH3-TPD). All samples showed the 
expected bands due to hydrogen bonded pyridine (1447 cm-1 and 1599 cm-1), Lewis-
bound pyridine (1450 cm-1, 1575 cm-1 and 1623 cm-1), Brønsted-bound pyridine (1545 
cm-1 and 1640 cm -1) and a band at 1490 cm -1 attributable to pyridine associated with 
both Lewis and Brønsted acid sites 76, 100 , 110 , 111, 203, 205-208, 216. The IR-spectra of 
protonated forms of the AlMCM-41 and AlMCM-48 materials contained weak to 
medium strength acid sites, whereas AlSBA-15 contained medium strength acid sites. 
AlMCM-41 materials showed a broad acid strength distribution. AlMCM-48 materials 
possessed a strong Brønsted acid character, in contrast to AlSBA-15 which showed 
strong Lewis acidity, very likely due to by post-synthesis alumination incorporated 
extra-framework aluminium species. 
The amount of desorbed ammonia corresponded with the total number of acid 
sites in the materials. As expected, the protonated and AlSBA-15 mesoporous materials 
revealed the largest number of strong adsorption sites for ammonia, with AlSBA-15 
being the most acidic material in the present work. The acidic strength of the materials 
decreased in order AlSBA-15 > H+AlMCM-48 > H+AlMCM-41. Interestingly, a strong 
dependency was found between the Brønsted acid character and the amount of 
organometallic complexes that could be incorporated. 
Thermo gravimetric analysis showed that the homogeneous materials contained 
relatively large amounts of free ligand. The ligand and complex content decreased 
significantly for the heterogenised catalysts as a result of the limited complex loading 
and the intense guest/ host interactions. The shift of the decomposition temperature of 
the immobilised complexes compared to the homogeneous ones might very well stem 
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from these guest/ host interactions, and might therefore be a strong indication of the 
incorporation of the complexes inside the mesopores. 
Elemental analysis showed that the impregnation and ion exchange methods 
used in this work resulted in the introduction of higher amounts of cobalt ions than 
reported by Kim et al. 163; by ion exchange 2 to 10 times and by impregnation 2 to 4 
times more cobalt could be incorporated. Furthermore, significantly more cobalt than 
chromium ions could be incorporated into the mesopores. 
The metal ion concentration of the ion exchanged mesoporous materials could 
be connected to both the Lewis acid sites of the carriers and the acidic behaviour of the 
incorporated metal ions. Both cobalt and chromium ions are know to show a Lewis 
acidic character. A noticeable difference between the chromium and cobalt chemistry is 
that cobalt ions are relative unreactive and less acidic than chromium ions. Therefore, 
contrary to Cr(III) ions, cobalt ions are also much less susceptible to hydrolysis 231a-b. 
Chromium ions show a higher tendency to hydrolysis and form hydroxyl bridges 
containing polynuclear complexes in a process known as olation, which might prevent 
the mesoporous surface from overloading with the to be incorporated metal ions 231b. 
During the olation process, on the mesoporous surface water (or alcohol) will be 
activated and coordinated to Lewis acid sites, comparable to Al3+ ions. This 
intermolecular mechanism leads to hydrolysis (solvolysis) of aluminium alkyls 231c, and 
connects them with free transition metal ions, building stable OH- bridges containing 
polynuclear complexes on the surface. 
The interaction of Cr(III) ions with the mesopore surface during the 
heterogenisation treatment likely led to olation, and prevented the mesoporous surface 
from overloading with chromium ions. In contrast, the heterogenisation of the cobalt 
ions resulted in a cobalt excess on the mesoporous surface, because not enough cobalt 
ions were bonded into stable polynuclear cobalt complexes due to their weak ability to 
hydrolyse, which caused additional metal cluster building. This suggests that due to 
their more acidic character and higher reactivity, the Cr(III) ions were able to form 
more stable and inert complexes than their cobalt counterparts. The cobalt excess in the 
mesopores thus very likely stems from metal clusters, as not all cobalt ions were bonded 
to a bridging hydroxyl groups to build stable polynuclear cobalt complexes. 
The more Lewis acidic character AlMCM-41 and AlSBA-15 could host more 
metals ions than the more Brønsted acidic AlMCM-48. On the other hand, the more 
Brønsted acidic AlMCM-48 could accommodate the salen molecule more easily. The 
Heterogenisation of Jacobsen type catalysts in M41S type materials                         Ch. 4 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯  
-112-
 
metal/ ligand ratio of by impregnation heterogenised cobalt containing catalysts 
revealed a metal ion excess, whereas the by ion exchange synthesised and Cr(III) 
containing materials showed an excess of ligand. 
The infrared spectra of the heterogenised catalysts obtained from a 1:1 ratio 
mixture of dried KBr and dried catalyst wafers showed bands at circa 3300-2700 cm-1 
(attributable to C-H vibrations) next to the bands of the support materials, which 
originated from heterogenised organometallic or organic compounds. The structure of 
the homogeneous J acobsen s ligand could clearly be recognised. All homogeneous 
complexes showed a band between 1530-1560 cm-1, indicating the formation of the 
organo-metallic complex. 
The UV-Vis spectra of the metal salen complexes showed the typical adsorption 
bands of J acobsen s ligand attributable to ligand n * and * charge transfer 
transitions, which shifted to lower wavelengths in the metal loaded complexes 168, 190. 
The metal salen complexes exhibited a broad signal centred around 410 nm, 
attributable to ligand-metal-ligand charge transfer transitions, similar to metal salen 
compounds 155. The weak broad band around 500 nm could be assigned to d d charge 
transfer transitions in the metal centre 173, 193. 
For the heterogenised materials, these bands appeared weaker in the spectra, but 
similar to the homogeneous molecules, due to their lower concentration in the samples. 
The differences between the spectra of the free ligand, the metal salen complexes and 
the immobilized materials could be explained by the influence of the metal centre and 
the support materials on the spectra, again showing incorporation of the homogeneous 
catalysts. 
The incorporation of the metal salen complexes did not affect the structural 
order of the support materials, as could be shown by calcination of the materials. 
Furthermore, the typical MCM-41, MCM-48 and SBA-15 X-ray patterns were basically 
not modified by the addition of organic species. The AlMCM-48 was found to be the 
most sensitive support material for immobilisation treatments. 
Clearly, the heterogenisation of J acobsen s catalyst by impregnation resulted in 
materials which retained the structural ordering the best compared to the here also 
investigated ion exchange procedures. Generally, none of the catalysts was completely 
destroyed upon incorporation of the organometallic complex. 
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Nitrogen sorption showed incorporation of the organometallic complexes inside 
the pores of the carrier materials, which resulted in a decrease in the sorption capacity 
upon the heterogenisation. 
Based on these results it is very likely the ion exchange and the impregnation 
methods indeed resulted in the incorporation of the on Co(II), Co(III)OAc and Cr(III)Cl 
based homogeneous complexes inside the pores of the mesoporous carrier materials 
AlMCM-41, AlMCM-48 and AlSBA-15. The impregnation method turned out to be the 
most effective way for the incorporation of organometallic complexes without affecting 
the characteristic properties of the carrier materials. Furthermore, a connection could 
be found between the acidic character of the host and the amounts of organometallic 
complex that could be immobilised inside the mesopores. AlMCM-48 contained the 
most Brønsted acidic sites, whereas AlMCM-41 and AlSBA-15 showed a more Lewis 
acidic character. The AlMCM-48 was found to be the best host for the incorporation of 
the organometallic complex, and the on AlMCM-48 based heterogenised catalysts 
contained the highest amount of organometallic complex. 
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5 The catalytic activity of on AlMCM-41, AlMCM-48 
and AlSBA-15 by ion exchange and impregnation 
he te ro ge n ise d Jaco bse n s catalys ts   
5.1 Introduction  
Epoxides are important intermediates for the stereo controlled synthesis of 
complex organic enantioselective compounds, and their use has increased dramatically 
with the advent of practical asymmetric catalytic methods for their synthesis 36, 65, 218. In 
addition to the epoxidation of pro-chiral and chiral olefins, approaches for the use of 
epoxides in the synthesis of enantiomerically enriched compounds include the kinetic 
resolution (KR) of racemic epoxides and the asymmetric ring opening (ARO) of meso-
epoxides 13, 14, 16, 42, 69. Terminal epoxides are inexpensively available as racemic 
mixtures, and their kinetic resolution is an attractive strategy for the production of 
optically enriched epoxides, resulting in an economic and operationally simple method 
13, 14, 17
.  
The application of ARO reactions for the kinetic resolution of racemates allows 
not only for the recovery of epoxides with a high enantiomeric excess, but also the 
production of the corresponding ring-opened products in good yields and very high 
enantiopurity 18. Furthermore, the dynamic kinetic resolution provides a convenient 
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route to obtain, in principle, enantiomerically pure ring-opened compounds in a yield 
of 100 % rather than 50 % when starting from racemic epoxides. 
In the early nineties, J acobsen and his colleagues designed the chiral Mn(III)-
Schiff base complex (see Figure 2.4), which is currently the most efficient catalyst 
available for the enantioselective epoxidation of unfunctionalised olefins 10 , 11, 134. The 
catalyst was the result of a logical sequence of ligand modifications involving more than 
fifty complexes. Enantioselective epoxidation of simple olefins over J acobsen s catalyst 
resulted in yields of up to 97 % with an ee of 98 %, depending on the substrate 17, 18. 
J acobsen also discovered that the Co(III) containing salen complex (Figure 2.5) 
was active in the hydrolytic kinetic resolution of racemic epoxides, which enabled 
access to terminal epoxides (45 % yield) and diols in high enantiomeric purity (> 90 %) 
219
. Further work by J acobsen et al. 69 described the asymmetric nucleophilic ring-
opening of meso-epoxides using benzoic acid in the presence of the Co(II)-salen 
complex (Figure 2.4) with a 96 % yield and good asymmetric induction (93 % ee). 
Furthermore, Gilheany and Katsuki 220 reported the Cr(III)-salen complex 
(Figure 2.4) to catalyse the asymmetric epoxidation of unfunctionalised trans-olefins 
and conjugated alkenes with good yield and ee. The ring opening of cyclohexa-1,4-diene 
mono-epoxide was carried out by J acobsen s group in the presence of the Cr(III)(N3)-
salen complex and azido-trimethyl-silane (TMSN3) to produce the azido silyl ether in 92 
% ee 16, 17, 41, 55. 
These homogeneous catalysts form a new class of active complexes for the 
enantioselective ring opening of terminal or meso-epoxides 18, 43, 44, 51, 75, 118, 119, 219. They 
have the advantage that these chiral salen ligands are readily synthetically accessible, 
the ligand can be combined with several different metal ions and they possess 
functionalities suitable for linkage with the pore walls of carrier materials. Additionally, 
their steric/ electronic characteristics for both metal complexation and tailoring of the 
chiral environment offer the possibilities for a large variety of enantioselective 
reactions. 
Homogeneous cobalt and chromium based J acobsen s catalysts have successfully 
been used in several asymmetric ring opening reactions, resulting in products which are 
for example valuable chiral intermediates for the preparation of pharmaceutical agents 
such as muconin, protozoal plasma membrane components, -blockers, tri-substituted 
THP s or (-)-mycalolide A for the pharmaceutical industry 13-16, 42, 50, 52, 53, 64. 
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Although the catalytic performance of this type of catalysts is good or even 
excellent, their use on an industrial scale is limited due to their homogeneous nature. 
The costs of these J acobsen type materials are generally high, among others due to the 
synthesis costs of their elaborate ligands. This means that, if these catalysts were to be 
implemented on a large industrial scale, the catalysts would have to be recycled. This 
might for example be done using membrane type reactors, where the homogeneous 
catalyst cannot exit the reactor because of its molecular size, whereas the reactants can 
pas the membrane. 
Another option might be to heterogenise the catalyst on or in a carrier system, 
thus creating the possibility to use for example fixed bed of slurry type reactors. The 
most important approaches that have been described in literature to immobilise or 
heterogenise soluble catalysts are covalent binding, adsorption, ion pair formation or 
entrapment / the ship-in-the-bottle method 5, 10 , 147, 148. In Chapter 2 of this thesis, a 
more elaborate overview of possible and presently used heterogenisation methods, their 
advantages and disadvantages is presented. 
In this thesis two methods for the heterogenisation of the homogeneous catalysts 
(S,S)-Co(II) J acobsen s complex, (S,S)-Co(III)OAc J acobsen s complex and (R,R)-
Cr(III)Cl J acobsen s complex inside the pores of the mesoporous carrier materials 
AlMCM-41, AlMCM-48 and AlSBA-15 were investigated: the ion exchange method 11, 163-
165, 221, 222 and the impregnation method 133, 135, 223-225. In the previous chapter, the 
various materials were characterised, and the catalysts were very likely found to be 
incorporated inside the pores of the mesoporous carriers. 
In this chapter, the catalytic activity of the heterogenised organometallic salen 
complexes in enantioselective epoxide ring opening reactions is evaluated. This is more 
complex than that of their homogeneous counterparts. Some of the factors that might 
influence the catalytic activity of the supported organometallic complexes compared to 
the unsupported complexes are 76, 110, 204-206, 226: 
(i) the presence of acid sites in the support; 
(ii) insufficient amounts of encapsulated organometallic complex; 
(iii) shielding of organometallic complex due to encapsulation; 
(iv) encapsulation of insufficient amounts of stereogenic ligand; 
(v) competitive interaction of metal ions in the framework; 
(vi) change in the reaction mechanism from single metal reaction to metal-
acid bi-functional catalysis; 
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(vii) site isolation effects; 
(viii) cooperation effects with the support backbone; 
(ix) insufficient dispersion of metal ions on the surface; 
(x) leaching of organometallic complex out of the framework; 
(xi) a relationship between the mesoporous structure and diffusion of the 
substrate and products in and out of the pores 77a, 96a, 210, 211, 228b. 
The activity of heterogeneous catalysis is kinetically controlled by two principal 
factors, i.e. the number of active sites on the catalyst surface and the turnover number 
of the reaction on each active site 264a-b. The former is usually evaluated by 
chemisorption of an appropriate component or reaction. However, there is no proof of 
all sites for chemisorption being active for catalysis; for instance, catalysis may be 
retarded by strong and irreversible adsorption of some components 264b. Active sites can 
also be lost by leaching. 
The activity of a catalyst can also be described by the turn over number (or TON) 
and the catalytic efficiency by the turn over frequency (or TOF) 264c. In organometallic 
catalysis, the TON can be defined as the number of molecules reacting per active site 
per unit time or the number of moles of substrate that a mole of catalyst can convert 
before becoming inactivated. In this sense, an ideal catalyst would have an infinite 
TON, because it would never be consumed, but in actual practice one often sees 
turnover numbers which vary between 100 to a million or more. The term turnover 
frequency is used to refer to the turnover per unit time. For most relevant industrial 
applications, the TOF is in the range of 10-2-102 s-1 264. 
Because of this, in this work it was decided not to evaluate of the catalytic activity 
on the turnover number or the turnover frequency, but in stead on generally used terms 
as conversion, yield and selectivity. 
Mn(III) 10 , 11 and Co(II) 10 metal containing salen complexes were heterogenised 
earlier using the ship-in-the-bottle method and their catalytic reactivity was 
investigated in epoxidation reactions 146-148. For the here investigated catalysts four 
different reactions were chosen, in which several nucleophiles were reacted with 
terminal or meso-epoxides, depending on the catalyst. 
The four chosen reactions were 17, 18, 50-52, 72: (R1) for Co(II) containing (S,S)-salen 
based catalysts the HKR of styrene oxide with water 13, 14; (R2) for chiral (S,S)-Co(II) 
based catalysts the HKR of cyclohexene oxide with benzoic acid 50, 69; (R3) for 
Co(III)(OAc)-salen complexes the HKR of 1,2-epoxyhexane with phenol 62, 64; and (R4) 
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for salen Cr(III)Cl and Cr(III)N3 complexes the kinetic resolution desymmetrization of 
cyclohexene oxide with azido-trimethyl-silane (TMSN3) 16, 44, 52, 53, 65. 
The catalytic activity of the various materials was investigated in reactions over 
the homogeneous and heterogenised catalysts. Furthermore, blank reactions (without 
the organometallic catalyst), reactions with the carriers as well as with the metal salts 
and metal containing carrier materials prepared by ion exchange were performed. In 
the last part of this Chapter, the reusability and the leaching behaviour of the various 
materials was investigated. For the latter, for the cobalt containing catalysts the HKT of 
styrene oxide (R1) was used as the test reaction, whereas for the chromium containing 
catalysts the desymmetrization of cyclohexene oxide (R4) was used. The reusability of 
the heterogenised catalysts was investigated by reusing the heterogenised catalyst 
materials for a second and third time in fresh reaction medium. The leaching behaviour 
was investigated by filtering off the catalyst shortly after the beginning of the reaction, 
after which the reaction mixture was left to react for the remainder of the reaction time, 
known as the Hot Filtration Test . Finally, the spent catalysts were characterised by 
XRD and ICP AES to obtain information on the long-term structural stability and the 
metal content.   
5.2 Results and Discussion  
5.2.1 R1: Hydrolytic Kinetic Resolution of terminal epoxides with water 
As the first test reaction for the Co(II) containing (S,S)-salen complex based 
catalysts, the Hydrolytic Kinetic Resolution HKR of the terminal epoxide styrene oxide 
was used 17, 50-52, 72, 75 (see Scheme 5.1). For this reaction R-styrene diol could reportedly 
be isolated with a 39 % yield and 98 % ee after 44 h reaction time and crystallisation, 
with a S-styrene epoxide yield of 38 % and 98 % ee using (S,S)-Co(II)-salen complex 
and PNA (para-nitrobenzoic acid) 13, 14. 
Scheme 5.1   
O O
OH
OH
+(S,S)-Co(salen)
PNA; H2O
(+/ -) styrene oxide (S)-styrene oxide (R)-styrene glycol
Cataly tic activity of heterogenised Jacobsen s catalysts                                                 Ch. 5 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯  
-
 
120 -
5.2.1.1 HKR of styrene oxide with homogeneous catalysts 
In Table 5.1, the results of the HKR of styrene oxide with the homogeneous 
catalysts are presented. The same reaction conditions as in the literature 13, 14 were used; 
for further elaboration, the author would like to refer to Chapter Experimental (E.3.1). 
The three different types of metal salen complexes were all found to be active, with the 
(S,S)-Co(II)-salen complex being the most active, converting the substrate highly 
selective to the R-diol with 100 % ee. The activity of the (S,S)-Co(II)-salen complex with 
43 % yield and > 99 % ee was comparable to the results reported by J acobsen et al. 13, 14, 
17, 18, 42 with a 43 % yield and > 99 % ee. Reactions over the side group containing 
Co(III)OAc and Cr(III)Cl complexes resulted in low yields, but high ee s of S-diol of 71 
% and R-diol of 93 % ee, respectively. Figure 5.1 shows the catalytic activity of these 
complexes.  
Table 5.1 Catalytic activity of the homogeneous catalysts in the HKR of styrene oxide. 
Sample a Conversion[%] 
yield
[%]
selectivity
[%] 
ee [%] 
Styrene oxide
ee [%] 
diol 
(S,S)-Co(II)-salen 80.1 43.2 53.9 91.8 (S) 99.9 (R)
(S,S)-Co(III)OAc-salen 30.0 1.8 6.1 18.7 (S) 71.3(R)
(R,R)-Cr(III)Cl-salen 31.1 3.3 10.6 12.7 (R) 92.7 (S)
a
 for denotation of the materials see Chapter Experimental, Table E.1  
An increase in reaction time from 24h to 48h resulted in improved catalytic 
activity for the Co(II)-salen complex (see Figure 5.2 and Table H.2 in the Appendix). 
The ee of the substrate improved to 97 %, whereas the diol ee was still higher than 99 
%. The HKR over the Co(III)OAc-salen complex was left to react for 24, 48 and 72h; the 
highest activity and ee was obtained in 48h reaction time. For the Cr(III)Cl-salen 
complex also an improvement in the activity was found; however, the selectivity 
favoured the formation of the R substrate at the expense of the diol formation. The 
metal centre containing (S,S)- or (R,R)-salen complexes produced diol and substrate in 
an enantiomeric excess of the ligand configuration, which again shows their sterically 
leading role in these reactions. 
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Figure 5.1 Catalytic activity in the HKR of styrene oxide in blank reactions and over the 
homogeneous organometallic complexes. 
Figure 5.2 Catalytic activity in the HKR of styrene oxide over different homogeneous 
organometallic complexes and increasing reaction times. 
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5.2.1.2 HKR of styrene oxide in blank reactions 
Clearly, the nucleophile water showed a high activity in the blank reaction, and a 
high 87 % conversion with a moderate S-diol yield was found. The formation of S-diol is 
surprising, as there is no steric directing ability in the reaction mixture available. 
Probably, racemisation of the substrate took place and the highly active nucleophile 
water opened the epoxide ring of the by in-situ racemisation produced substrate, thus 
forming S-diol with only 18 %. S-styrene oxide was formed with only 2 % ee. The blank 
reaction with the (R,R)-salen ligand led to the production of S-diol in a moderate yields, 
but, as expected, with a low ee of only 0 .3 %; the R-substrate showed a low ee of 3 %, 
respectively. The catalytic activity of reactions without a catalyst (blank reactions) over 
the chiral ligands and metals is presented in Table H.1 (see Appendix). 
Furthermore, reactions over the same metal salts that were used for the ion 
exchange (see also Chapters 3 and 4) were carried out to investigate the effect of the 
metal centre as such. The catalytic activity of cobalt and chromium metal salts is well 
known in catalysis 203, 226. Co3O4 is one of the most active single metal oxides for 
oxidation reactions. The coordinatively unsaturated Co3+ ion may be regarded as a soft 
Lewis acid site, which can be correlated to its catalytic activity. Oxides of Cr are used for 
catalysts as mixed oxides with other oxides such as alumina and silica. The surface of 
Cr2O3 has only Lewis acid sites. The Cr3+ is a Lewis acid classified as hard according to 
the Hard-Soft-Acid-Base theory, while the Co2+ is classified on the border between hard 
and weak Lewis acidity 231e. The acidic properties of Cr2O3 have been reported based on 
results of NH3 FT-IR spectroscopy 226. The Cr(III) ions are present on the surface as 
coordinated oxide and hydroxide ions, which can coordinate pyridine, which in turn 
shows a typical band in the IR spectrum that can be attributed to Lewis acid sites (see 
also Chapter 4). Presence of Brønsted sites could not been confirmed in these studies 
203, 226
. 
The here-obtained results are presented in the Appendix in Table H.1. Generally, 
over the cobalt salts a good conversion of ~55 % with low diol yields of 4 % was 
obtained. The highest conversion was found over chromium nitrate, while the highest 
diol ee of 50 % was found for cobalt nitrate. Interestingly, over the metal salts also some 
of the optically pure products, S-diol and S-substrate were formed. This phenomenon is 
not mentioned in catalysis related literature 13, 17, 74, but might very well be attributable 
to an in situ racemisation of the R-substrate 1 as Co2+ metal-ligand/ substrate bonds 
form exclusively tetrahedral complexes. The complexes in this symmetry are metastable 
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but electrostatically favoured, which might result in disattachement of the substrate 
followed by a re-attachment to the metal ion. In these cases racemisation can often 
occur 231 e-f.  
5.2.1.3 HKR of styrene oxide with pure support materials 
In Figure 5.3 and in Table H.3 in the Appendix the catalytic activity of various 
AlMCM and AlSBA-15 type support materials in the HKR of styrene oxide is shown, 
using the same reaction conditions as used for the homogeneous catalysts 13, 14 (further 
details can be found in the Chapter Experimental E.3.1). Interestingly, the support 
materials showed high catalytic activities with conversions of over 80 %, with moderate 
yields and low substrate enantioselectivities of ~1-2 %. The H+AlMCM-41 and AlSBA-15 
carriers showed with 96 % the highest conversions AlMCM-41 presented the highest 
yield with 33 % and a selectivity of 40 %. 
Figure 5.3 Catalytic activities of various mesoporous carriers in the HKR of styrene.  
Although these tests were not repeated, the following might explain the catalytic 
activity and the enantioselectivity. Among the earlier mentioned possible factors that 
can influence the catalytic activity, here, the acidic character of the support material 
clearly had an effect. In paragraphs 4.2.2.5 and 4.2.2.6 of this thesis, the acidity of the 
support materials was investigated with FT-IR spectroscopy on adsorbed pyridine and 
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ammonia TPD. With the latter, the acidity was found to decrease in the order 
H+AlMCM-41 > H+AlMCM-48 > AlSBA-15 > AlMCM-41 > AlMCM-48. The protonated 
carriers showed a strong Lewis acidity, but AlMCM-48 type carriers showed strong 
Brønsted acid sites as well, due to the their large surface area and their 3D mesoporous 
structure. 
In Figure 5.4 the influence of the acidity and the Si/ Al ratio on the catalytic 
activity is presented. Clearly, the stronger Lewis acid character of H+AlMCM-41 and 
AlSBA-15 had a positive influence on the conversion. The dealumination of the 
H+AlMCM-41 framework might be connected to its loss of crystallinity upon the NH4+ 
treatment to obtain the H+ form of this material. Even with some possible increase in 
the Brønsted character of the acid sites, the Lewis acidity had a stronger influence on 
the catalytic activity. The low Lewis acidic character of AlMCM-48 explained the poor 
catalytic conversion over this material. 
Figure 5.4 The effect of the acidity and Si/ Al ratio of various support materials on their 
catalytic activity.  
Generally, the total acidity of AlMCM-41 and AlMCM-48 is much lower than that 
of their protonated counterparts. However, AlMCM-41 showed the highest yield and 
selectivity among all carriers, which might find its origin from its intact hexagonal 
structure. Furthermore, despite the poisoning effect of the framework sodium species 
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on the Brønsted acidity, its Lewis acid sites remain strong and effective activators, 
which might explain the here found results. To confirm these results further 
investigations would be required.  
5.2.1.4 HKR of styrene oxide with various metal ion containing carrier materials 
The catalytic activity of the 3d transition metal ions Co and Cr metal ion 
containing carrier materials (the intermediate materials in the heterogenisation of the 
homogeneous catalysts) is presented in the Appendix in Tables H.4 and H.5 and in 
Figures H.1 and H.2. Clearly, these materials were active in the HKR of styrene oxide, 
although the ion exchanged supports generally showed lower conversions than the 
supports as such. The reactions were primarily directed to S-diol and S-substrate, 
possibly attributable to in situ racemisation. The cobalt containing supports showed a 
higher activity, with moderate diol ee s compared to the chromium containing supports, 
although CrNaAlMCM41 also demonstrated good results with a moderate diol ee. 
The catalytic results obtained with the transition metal ions incorporated 
materials suggest a possible correlation between the catalytic activity and d electron 
configuration in the valence shell of transition metals 229a. There is a strong competitive 
interaction between the incorporated metal and the framework Al. Probably, the 
incorporated tetrahedral framework aluminium serves as the exchange sites, which 
might be supported by the increased Si/ Al ratio of the metal exchanged supports. The 
chromium containing materials generally showed a higher catalytic activity, although 
the Cr/ Al ratio was lower than the Co/ Al ratio. Possibly, the mesoporous framework 
was capable to absorb more chromium than cobalt ions. Furthermore, due to the more 
stable ion exchange balance in the framework, the chromium ions are more strongly 
dispersed on the surface of the carrier, and do not form clusters upon calcination. The 
high dispersion in the latter leaves the acidic sites more accessible as well. 
The formation of enantioenriched products over the pure carriers and metal ion 
containing materials, without the steric directing force of the chiral ligand, indicated a 
structure-directing ability of the mesoporous structure causing in situ racemisation. 
However, the reason for this behaviour remains unclear; as in case of the pure carrier 
materials, these results would need to be repeated and investigated further for a more 
definite explanation. 
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5.2.1.5 HKR of styrene oxide with heterogenised Co(II)-salen complexes 
5.2.1.5.1 Heterogenised Co(II)-salen complexes prepared by impregnation 
For an easier understanding and comparability, the catalytic activity of 
heterogenised organometallic complexes will be evaluated based on their homogeneous 
salen complex. In Figure 5.5 and Table H.6 (see Appendix), the catalytic activity in the 
HKR of styrene oxide of the homogeneous and heterogenised Co(II)-salen complexes 
(prepared by impregnation) are presented. All metal salen ligand containing MCM-41 
based catalysts were found to be active, obtaining good conversions and moderate 
yields. Over the heterogenised catalysts, conversions between 51 to 74 % were obtained, 
which was somewhat lower than the 80 % found for their homogeneous counterparts. 
The catalytic activity of the homogeneous complex could not be achieved, especially in 
the formation of the enantiomeric products. 
Figure 5.5 Catalytic activity of the various on the homogeneous (S,S)-Co(II)-salen 
complex and its heterogenised counterparts in the HKR of styrene.  
The AlMCM-41 type catalysts showed the highest selectivities towards the R-diol 
product, but with low ee s. The best catalytic performance could be obtained over 
NaAlMCM41B, possibly due to its ordered mesoporous structure, thus good diffusion 
ability and mild acidity. Probably, the expected metal-acid bi-functional mechanism 
took place inside its pores. 
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5.2.1.5.2 Heterogenised Co(II)-salen complexes prepared by ion exchange 
In Table H.7 and Figure H.3 (see Appendix) the catalytic activity of the on the 
Co(II)-salen complex based various heterogenised catalysts, prepared by ion exchange 
and following ligand addition in the HKR of styrene oxide, are presented. The catalytic 
activity of the thus prepared catalysts was found to be close to that of the homogeneous 
ones; the conversion over the heterogenised materials was even 4 % higher. The best 
performance was found for CoNaAlMCM48Li, which parent material showed the lowest 
acidity among the in this work studied materials. Possibly due to its by the metal 
incorporation increased Lewis acidity 203, 40b and its 3D cubic structure, very good 
conversions of up to 84 %, a yield of 35 % and a selectivity of 42 % could be obtained. 
This catalyst produced S-substrate and S-diol in moderate ee s with 28 % and 37 %, 
respectively. Without the presence of the chiral ligand, in-situ racemisation occurred 
over all AlMCM-48 type metal ions containing materials prepared by ion exchange. 
The stronger acidic character of CoHAlM41Li and CoAlSBA15Li clearly 
influenced the yield and selectivity. The Lewis acid character of these catalysts directed 
the reaction towards the enantioselective production of R-diol. Over the higher amount 
of Lewis acid sites containing, and highly ordered mesoporous CoASBA15Li, higher 
conversions and S-diol ee could be achieved compared to CoHAlMCM41Li.  
5.2.1.6 HKR of styrene oxide with heterogenised Co(III)OAc-salen complexes 
The catalytic activity of on Co(III)OAc-salen complex based heterogenised 
catalysts prepared by impregnation are presented in Figure 5.6 and Table H.8 (see 
Appendix). Clearly, the heterogenised catalysts performed better than the 
homogeneous Co(III)OAc based organometallic complex, obtaining high conversions 
between 54 % and 79 %, compared to the 30 % for the homogeneous catalyst. The yields 
and selectivities over the heterogenised materials were moderate up to 34 % and 43 %, 
respectively, but still much better than the 2 and 6 % over the homogeneous catalyst. 
However, the homogeneous complex was much more enantioselective than its 
heterogenised counterparts, with a 19 % ee towards the S-substrate and 71 % ee towards 
the desired R-diol. In contrast, about only 3 % ee of S-substrate and only 23 % ee of R-
diol was be obtained over the heterogenised catalysts. 
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Figure 5.6 Catalytic activity of the homogeneous (S,S)-Co(III)OAc-salen complex and 
its heterogenised counterparts in the HKR of styrene.  
The catalytic activity decreased in the order NaAlMCM41A > HAlMCM41A > 
NaAlMCM48A > AlSBA15A. In contrast to the earlier found dependency, the 
connection between the activity and the framework acidity was less clear. Furthermore, 
as observed for the on Co(II)-salen complex based catalysts, again the best performance 
was found over the hexagonal ordered AlMCM-41 type materials. This might very well 
be due to the by the metal ions introduced Lewis acidity and the highly ordered 
mesoporous structure, which causes less diffusion limitation than for example over 
NaAlMCM48A. 
HAlMCM41A demonstrated a good catalytic activity, possibly because of its high 
acidity, even though it showed poor structural properties. From Figure 5.6 it is clear 
that for the metal-acidic bi-functional mechanism both Brønsted and Lewis acid sites 
are required. The best acidic balance was found in the AlMCM41 type materials. 
Therefore, very likely the almost pure Lewis acidity of AlSBA15A was not enough to 
achieve a high performance in this reaction. However, the more Lewis acid character 
resulted in higher ee of the desired R-diol, in decreasing order NaAlMCM41A > 
AlSBA15A > HAlMCM41A > NaAlMCM48A.  
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5.2.1.7 HKR of styrene oxide with heterogenised Cr(III)Cl-salen complexes 
In Figure 5.7 and Table H.9 (see Appendix) the catalytic activity of the various on 
(R,R)-Cr(III)Cl-salen based materials are presented. As found for the Co(III)OAc based 
heterogenised complexes (see Figure 5.6), their Cr(III)Cl centre containing 
counterparts showed a comparable catalytic activity. The heterogenised materials 
performed better than the homogeneous complex, but again the enantioselectivity was 
not as good as for the homogeneous catalyst. AlSBA15C showed the highest activity and 
enantiomeric selectivity to the R-diol, with an efficiency decreasing in the order 
AlSBA15C > NaAlMCM41C > NaAlMCM48C > HAlMCM41C. This might indicate that 
the metal-acid mechanism over the Cr(III)Cl based heterogenised catalysts required 
more Brønsted acid sites, or the synergistically stronger aprotonic acid sites that were 
formed between the uncoordinated Al3+ ions on the surface and Brønsted acid sites as a 
result of the immobilisation procedure. 
Figure 5.7 Catalytic activity of homogeneous (R,R)-Cr(III)Cl-salen complex and its 
heterogenised counterparts in the HKR of styrene.  
This is in contrast to earlier findings (see Figure 4.7 and Chapter 4) that AlSBA-
15 was found to have the strongest Lewis acidic character among all carriers. However, 
Capek et al. 229d found that the incorporation of other metals into AlSBA-15, such as the 
transition metal chromium, led to increasing Brønsted acidity, that are even stronger 
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than those found in AlMCM-41. Another possibility is that weak Brønsted acid sites in 
AlSBA-15 interact with neighbouring coordinatively unsaturated Al species and that 
synergistically stronger, high aprotonic acids sites are formed 230. 
Both explanations might play a role in the high catalytic efficiency of AlSBA15C. 
However, the first one, suggested by Capek et al. 229d, is applicable on the other very 
active NaAlMCM41C and 48C catalysts as well, which surely posses Brønsted acid sites. 
The poor performance of HAlMCM41C might also be connected to its poor mesoporous 
structure.  
5.2.1.7 Summary of the catalytic activity in the HKR of terminal epoxides 
Summarising, all homogeneous and heterogenised catalysts were active in the 
HKR of styrene oxide. As expected, the homogeneous (S,S)-Co-salen complex showed 
the highest activity with a 80 % of conversion, 43 % yield and 54 % selectivity 
accompanied by a higher than 99 % enantiomeric excess of R-styrene glycol. These 
results are in good agreement with the by Jacobsen et al. 13, 14, 18 reported efficiencies. 
Over the heterogeneous carriers and the metal ion containing materials, a 
moderate catalytic activity and the formation of S-substrate and S-diol were found. This 
phenomenon has been not reported yet in literature. There is no chiral ligand in the 
framework, which could play a role in the formation of the configuration of the 
products. It is therefore likely that mainly over Co2+ ions containing ion exchanged 
support materials in situ racemisation occurred. Co2+ ions are known to exclusively 
form complexes in tetrahedral symmetry, which is metastable. In this complex the 
disattachement of the substrate might be followed by a re-attachment to the metal ion, 
which often causes racemisation. Further tests are needed to confirm these results. 
Concerning the heterogenised catalysts, comparable selectivities and efficiencies 
could be obtained. However, in most cases no similar yield, selectivity and 
enantioselectivity were obtained. There are several limiting factors, e.g. not accessible 
acidic sites, blocked pores by metallic clusters, or limited diffusion and transfer of 
substrates and products to the active sites of the catalyst, which affect the catalytic 
activity of the heterogenised organometallic complexes. Moreover, it is known that ee 
losses occur in most reactions with heterogenised catalysts due to the shielding effect of 
immobilisation on the organometallic molecule. 
The best results were obtained over the on AlMCM-41 immobilised materials, 
among which CoHAlMCM41Li, prepared by ion exchange, showed the best conversion 
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combined with a high yield, selectivity and diol ee. The highest activity among the on 
HAlMCM41 immobilised materials was found for the Co(III)OAc containing 
HAlMCM41A. The Co(II)-and Co(III)OAc-salen complexes impregnated on 
NaAlMCM41 also showed high conversions, accompanied by good yields, selectivities 
and diol ee s. The Cr(III)Cl containing complex impregnated on AlSBA-15 showed the 
best catalytic activity. 
Furthermore, a clear relationship was found between the acidity and the catalytic 
activity of the heterogenised catalysts, supporting the theory of a metal-acid bi-
functional mechanism in the HKR of styrene oxide. Since the acidic characteristic of the 
heterogenised catalysts was not determined, their acidic character was determined from 
the parent materials. Changes in the Si/ Al ratio gave an indication for the formation of 
Lewis or Brønsted acidity. More specifically, dealumination, and thus a high Si/ Al ratio 
and large surface area, indicate the formation of Brønsted acid sites. Dehydroxylation 
favours the formation of Lewis acidity due to the transfer of surface Al species, which 
are potential Lewis sites 203, 226. Brønsted acid sites are sensitive to dehydroxylation, 
and uncoordinated Al ions on the surface as such, or formed from a silica loss, can react 
with weak Brønsted acid sites resulting in formation of synergistically strong aprotonic 
acidity 229. 
In Figure 5.8 and Table H.10 in the Appendix the relationship between the 
acidity of the Co(II)-salen complex containing heterogenised catalysts and their parent 
materials is presented. The high catalytic activity of the parent materials was probably 
connected to the free accessibility of their acid sites inside the pores, although 
accompanied by low selectivity and yield. During the immobilisation treatments, the 
amount of accessible acid sites decreased, mainly due to pore blockage by complex 
molecules. The over heterogenised catalysts obtained conversions were lower than 
those of the parent materials. The impregnation was accompanied by dealumination, as 
this is an ion exchange process, resulting in further loss of coordinated aluminium ions, 
which are Lewis acid sites in the framework. However, due to the presence of 
immobilised organometallic complex, both the selectivity and yield over the 
heterogenised catalysts increased. In the from ion exchange obtained catalysts the 
metal/Al ratio was lower than that of their by impregnation treated counterparts. Lower 
metal content led to more accessible acid sites, and thus to higher conversions, whereas 
the higher metal/ Al ratio in the from impregnation obtained materials influenced the 
selectivity and yield positively. This shows the existence of a metal-acid bi-functional 
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mechanism in the HKR of styrene oxide over the heterogenised organometallic 
complexes.  
5.2.2 R2: Hydrolytic Kinetic Resolution of meso-epoxides with carboxylic acids 
As second test reaction for the chiral Co(II) organometallic complex containing 
materials, the kinetic resolution of cyclohexene oxide with benzoic acid was chosen 17, 18, 
50 (see Scheme 5.2). Over the (S,S)-Co(II) catalyst, 98 % yield of (R,R)-1,2-
cyclohexenediol mono-benzoate ester with 77 % ee after a triple recrystallisation was 
reported in literature 69. 
Scheme 5.2  
5.2.2.1 HKR of cyclohexene oxide with homogeneous catalysts 
In Table 5.2 and I.2 in the Appendix, the results for the homogeneous catalysts 
are presented; all three different types of organometallic complexes were found to 
catalyse the KR of cyclohexene oxide. Over the (R,R)-Co(II)-salen complex an almost 
100 % yield and selectivity was found, with an ee of the desired product of 74 %, which 
is in good agreement with Jacobsen et al. 69 reported data.  
OH
R,R-Co(II )-salen complex
(R, R)-1,2-cyclohexenediol mono-benzoate ester
(+/ - )
cylohexene oxide
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Figure 5.8 Relationship between acidity, structural properties and catalytic activity of 
on Co(II) based heterogenised organometallic complexes regarding the metal-acid bi-
functional mechanism in the HKR of styrene oxide with water. 
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Table 5.2 HKR of cyclohexene oxide with benzoic acid over various homogeneous 
catalysts. 
Sample a conversion[%] 
yield
[%]
selectivity
[%] 
ee [%] 
substrate
ee [%] 
product
(R,R)-Co(II)-salen 96.6 96.0 99.4 11.1 (S) 73.5 (R)
(R,R)-Co(III)OAc-salen 82.4 31.3 38.1 2.1 (R) 24.5 (S)
(R,R)-Cr(III)Cl-salen 79.8 17.7 22.2 9.4 (S) 8.6 (R)
a
 for denotation of the materials see Chapter Experimental, Table E.1  
The other organometallic complexes containing Co(III)OAc and Cr(III)Cl centres 
also showed a high activity with about 80 % conversion, but moderate yield and low to 
moderate product ee. The catalytic activity of the in Table 5.2 presented homogeneous 
catalysts decreased in the order Co(II)-salen > Co(III)OAc-salen > Cr(III)Cl-salen 
complex (see Figure 5.9). 
Figure 5.9 Catalytic activities in the HKR of cyclohexene oxide in blank reactions and 
over the homogeneous organometallic complexes.  
The effect of increasing reaction times on the catalytic activity is presented in 
Figure 5.10 and Table I.2 in the Appendix. For the Co(II)-salen complex this resulted in 
an improvement of the yields and selectivities, whereas the conversion and ee s showed 
only a slight enhancement compared to the already high values achieved in 48 h. After 
96 h the highest product ee of 74.5 % was found, at the expense of the enantio-enriched 
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substrate production. Generally, increasing the reaction time led to an increase of both 
the conversions and selectivities, although over the (R,R)-Co(III)OAc better results 
were obtained than over the Cr(III)Cl complex. All organometallic complexes 
preferentially formed the R-product. The product ee obtained over the Co(II)-salen 
complexes, due to the formation of the highly catalytic active Co(III)O-Benzoate 
intermediate complex (see Figure 2.4), was between ~68 % and ~75 %, which was in 
good agreement with the values reported in literature 68 % 69. The poorest enantio-
selectivities of only 10 % were found over the Cr(III)Cl-salen complex, which was lower 
than the 43 % reported in literature 42, 69. 
Figure 5.10 Catalytic activity in the HKR of cyclohexene oxide over different 
homogeneous organometallic complexes; effect of prolongation of the reaction time.  
5.2.2.2 HKR of cyclohexene oxide in blank reactions 
The results of the blank reactions, over the (R,R)-salen ligand as such and over 
the metal salts are presented in Table I.1 in the Appendix. From the blank experiments, 
it is clear that benzoic acid is a strong enough nucleophile to attack the cyclohexene 
oxide ring, even without a catalyst, as can be seen from the high conversion of 85 % 
with moderate yield and selectivity about 20 %. 
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Reactions over the metal salts used for the ion exchange (see also Chapter 3 and 
4) were carried out to investigate the effect of metal centre as such on the catalytic 
activity. From the discussion concerning the HKR of styrene oxide (see paragraph 
5.2.1), it is clear that these metal salts may be used as catalysts, mainly for oxidation 
reactions. That these salts showed catalytic activity in this reaction is therefore not 
surprising; relatively high conversions of ~80 % could be obtained, although 
accompanied by low yields and selectivities of ±10 %. Cobalt acetate showed the highest 
conversion with 82 % and the highest ee for R configured products with 28 %, although 
its yield and selectivity remained very low with <5 %. Over chromium nitrate, a similar 
conversion was accompanied by a moderate yield and selectivity of about 12 %.  
5.2.2.3 HKR of cyclohexene oxide over pure mesoporous carriers 
In Figure 5.11 and in the Appendix Table I.3 the catalytic activity of various 
mesoporous materials are presented, using the same reaction conditions as used for the 
homogeneous catalysts 69 (further details can be found in Chapter Experimental E.3.2). 
The mesoporous carriers showed high conversions of about 85 %, accompanied by 
relative low yields (<15 %) and selectivities (<18 %). The ee of the S substrate was found 
to be very low as well (<5 %), whereas the R product could be obtained with ee s 
between 14-50 %. 
The best performance regarding the ee of substrate and product was obtained 
over the AlMCM-41 type materials, with a 50 % product ee, which is lower than the in 
literature reported 68 % 42, 69. Here, a clear influence of the framework acidic character 
could be observed; in Figure 5.12 the influence of the acidic character on the catalytic 
activity is presented, showing the relationship between the catalytic activity, the Si/ Al 
ratio and the total acidity (based on NH3-TPD data). 
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Figure 5.11 Catalytic activities of the various mesoporous carriers in the HKR of 
cyclohexene oxide. 
Figure 5.12 The effect of the acidity and Si/Al ratio of various support materials on their 
catalytic activity.  
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In the previous paragraph, some possible factors influencing the catalytic activity 
were suggested. Generally, the conversion showed only slight fluctuations. Through the 
protonation of the carriers, more acidic sites were created, alongside the slightly 
decreased Si/ Al ratio s after the protonation. The change in the acidic character had a 
positive influence on the selectivities and conversions, but resulted in a decrease in the 
structural performance of the mesoporous structures. The selectivity increased to 18 % 
over the H+AlMCM-48 carrier, in contrast to the 9 % of its parent material AlMCM-48. 
AlSBA-15 showed the best performance with 85 % conversion and 18 % selectivity, 
probably due to its stable structure and the thus more accessible Lewis acid sites. This 
influence of structural properties could also be found for the AlMCM-41 and AlMCM-48 
type materials; due to their intact 3D structure, over the MCM-48 type materials a 
better performance could be obtained. To confirm this theory further investigations are 
needed.  
5.2.2.4 HKR of cyclohexene oxide over metal ions containing mesoporous carriers 
In Tables I.4 and I.5, and Figures I.1 and I.2 in the Appendix the catalytic activity 
of the 3d transition metals (Co and Cr) containing intermediate materials are 
presented. Al materials were found to be active in the HKR of cyclohexene oxide, with 
the conversion decreasing in the order CoAlSBA15 > CrHAlMCM48 > CrHAlMCM41 > 
CoHAlMCM41 > CrAlSBA15 > CoHAlMCM48 > other materials. This also supports the 
importance of the structural properties, besides the influence of acidic character. The 
more acid character possessing protonated carriers and AlSBA-15 showed the best 
performance among all metal containing carriers. Conversion, yield and selectivities 
were found to be higher than over its sodium containing counterparts. The ee s of both 
substrate and product generally remained low with about 20 %, with the exception of 
33 % obtained over CoNaAlMCM48. The best product ee s were found over the MCM 
type materials. 
Furthermore, these metal-containing carriers performed better in this reaction 
than the pure carriers. As explained earlier, with the introduction of transition metals 
Co and Cr, the Lewis acidic character of the carrier increased, which positively 
influenced the catalytic activity. The metal ion introduction was accompanied by the ion 
exchange between the surface aluminium ions and the metal ions. The materials did not 
suffer strong changes in their Si/ Al ratio during Co ion introduction, whereas the 
chromium introduction was accompanied by a strong dealumination, especially in 
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AlMCM-41 type materials. Nonetheless, the results suggest that both types of acid sites, 
Lewis and Brønsted, are needed for a good catalytic performance. However, the higher 
catalytic performance is clearly attributable to the Lewis acidic character, which 
probably originated from the structural properties of the carrier and the introduced 
transition metals. Although the Lewis acidic character presents a good explanation, the 
exact mechanism of this behaviour is still unclear, and requires further investigation.  
5.2.2.5 HKR of cyclohexene oxide over various heterogenised Co(II)-salen complexes 
5.2.2.5.1 Catalytic activity over Co(II)-salen complexes prepared by impregnation 
In Figure 5.13 and Table I.6 in the Appendix the catalytic activity of the various 
on Co(II)-salen complexes based heterogenised catalysts are presented. All materials 
were found to be active, obtaining good conversions of over 70 % and moderate yields 
and selectivities, although somewhat lower than that of their homogeneous 
counterpart. The product ee s varying between 39-54 % were significantly lower than 
the 74 % of the homogeneous complex, whereas the substrate ee s of around 10 % were 
comparable with the homogeneous system. Their catalytic activity decreased in the 
order NaAlMCM48B > AlSBA15B > NaAlMCM41B > HAlMCM41B. 
Figure 5.13 Catalytic activities of the homogeneous Co(II)-salen complex vs. its 
heterogenised counterparts in the HKR of cyclohexene oxide.  
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Interestingly, the AlSBA-15 carrier contained more acid sites with 0 .144 mmol/ g 
than the 0 .111 mmol/ g total acidity of AlMCM-48. Furthermore, AlSBA-15 had a 
stronger Lewis acid character, whereas AlMCM-48 contained large amounts of 
Brønsted acid sites. Nevertheless, over NaAlMCM48B a far higher yield of 44 % and a 
selectivity of 54 % could be obtained, in contrast to the 28 % and 34 % over AlSBA-15B, 
respectively. Even the product ee was slight higher with 40 % over NaAlMCM48B. 
This difference in their catalytic activity might be explained both by the 
structural properties and the acidic character of the carriers. The large surface area and 
the 3D mesoporous structure of AlMCM-48 makes the acid sites more accessible, and 
the diffusion of substrate and product in and out of pores is easier in the 3D structure. 
However, the acidic character of NaAlMCM48B could also play a role in its good 
performance. During the immobilisation treatment, AlMCM-48 material suffered a 
decrease in the Si/ Al ratio, which resulted in the formation of uncoordinated 
aluminium ions on the surface. As the Brønsted acid character of the AlMCM-48 carrier 
was already shown earlier, it is very likely that these uncoordinated Al ions reacted with 
Brønsted acid sites, synergistically forming stronger aprotonic acid sites. Thus, it might 
be that the expected metal-acid bi-functional mechanism took place in the 3D pores of 
NaAlMCM48B, thus positively influencing its catalytic performance. The catalytic 
activity over the AlMCM-41 type materials fell far behind that of NaAlMCM48B, 
probably due to their strong Lewis acidity, intact hexagonal 2D structure and much 
higher Co/ Al ratio. The formation of the desired R product was with about 50 % more 
favoured over AlMCM41B and AlSBA15B type materials.  
5.2.2.5.2 Catalytic activity over Co(II)-salen complexes prepared by ion-exchange 
In Table I.7 and Figure I.3 (see Appendix) the catalytic activity of the various on 
Co(II)-salen complex based, by ion exchange and following ligand addition synthesised 
heterogenised catalysts, is presented. The catalytic performance of these materials was 
significantly less than that of their homogeneous counterparts. Over the Lewis acidic 
CoHAlMCM41Li and CoAlSBA15Li good conversions with about 80 % could be 
obtained, compared to 32 % over the CoNaAlMCM48Li. Yields, selectivities, and ee s 
remained low; however, over the Brønsted acid CoNaAlMCM48Li 27 % selectivity and 
24 % product ee was found. 
As during the treatments a slight decrease of the Si/ Al ratio occurred in all 
materials, with a uniform Co/ Al ratio of 0 .18, it seems that a similar explanation might 
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be used for the activity of CoNaAlMCM48Li, as presented earlier for the by 
impregnation synthesised counterpart NaAlMCM48B. Some synergistically strong 
aprotonic acidity and its 3D structure favoured the formation of the desired R product. 
Over CoAlSBA15Li a 21 % product ee could be obtained, whereas over CoHAlMCM41Li 
only 18 % ee was found, which might be due to its poor structural properties.  
5.2.2.6 HKR of cyclohexene oxide over various heterogenised Co(III)OAc-salen 
complexes 
The catalytic activity the on Co(III)OAc-salen complex based heterogenised 
catalysts, prepared by impregnation, are presented in Figure 5.14 and Table I.8 (see 
Appendix). The catalytic performance of the heterogenised catalysts is in very good 
agreement with the homogeneous Co(III)OAc complex. The NaAlMCM48A showed an 
even higher catalytic activity than its homogeneous counterpart, whereas other 
heterogenised materials showed significantly lower yields and selectivities. Over this 
material an 86 % conversion, 47 % yield, 54 % selectivity and 65 % product ee could be 
obtained, compared to 82 % conversion, 31 % yield, 38 % selectivity and 25 % product 
ee for the homogeneous complex. Other heterogenised materials demonstrated a lower 
catalytic performance, however, generally, all heterogenised materials produced higher, 
varying between 28-37 %, product ee s than the 25 % of the homogeneous complex. 
The high catalytic performance of the heterogenised catalysts could be explained 
by the influence of the acidity and structural characteristics of the carrier materials, on 
which the homogeneous Co(III)OAc-salen complex was immobilised. Interestingly, in 
this reaction all types of organometallic complexes performed well in combination with 
the AlMCM-48 carrier. Its mild, mainly Brønsted and aprotonic acid sites, its 3D 
structure and large surface area makes the metal-acid bi-functional mechanism 
possible inside the pores of the heterogenised system. 
Cataly tic activity of heterogenised Jacobsen s catalysts                                                 Ch. 5 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯  
-
 
142 -
Figure 5.14 Catalytic activities of the homogeneous Co(III)OAc-salen complex vs. its 
heterogenised counterparts in the HKR of cyclohexene oxide.  
The positive influence of intact structural properties could be observed for the 
AlSBA15A and NaAlMCM41A based materials as well. AlSBA-15 has a stable 2D 
hexagonal structure, with wider pores than AlMCM-41, which also has a well-ordered 
mesoporous structure. From their Si/ Al and Co/ Al ratios, it was very likely that these 
carriers did not suffer from deterioration of their structural order during the 
immobilisation process. Their moderate, ~0 .7 Co/ Al ratio, indicated a high, but well 
distributed Co content inside the framework. This could positively influence the 
formation of the yield, selectivity, and product ee with 28 % over AlBSA15A. The total 
acidity of AlSBA-15 with 0.14 mmol/g lies between the highly acidic H+AlMCM-41 (0.64 
mmol/ g) and AlMCM-41 carriers with 0 .12 mmol/ g. The somewhat higher product ee 
with 37 % over NaAlMCM41A was very likely attributable to it s slightly higher Co 
content. The highly acid HAlMCM41A with much higher Co/ Al ratio (1.16) produced 31 
% product ee. 
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5.2.2.7 HKR of cyclohexene oxide over various heterogenised Cr(III)Cl-salen 
complexes 
The catalytic activity of the on Cr(III)Cl-salen complex based heterogenised 
catalysts, prepared by impregnation, are presented in Figure 5.15 and Table I.9 (see 
Appendix). Over these materials, high conversions of ±80 % could be obtained, which 
was in good agreement with their homogeneous counterpart. Over NaAlMCM48C and 
AlSBA15C even higher yields and selectivities could be observed; NaAlMCM48C 
showed the best catalytic performance among these catalysts with 81 % conversion, 25 
% yield and 31 % selectivity. The ee s of the desired product over the heterogenised 
materials were found to be significantly higher between 37 and 18 % in contrast to the 9 
% over the homogeneous material. 
Figure 5.15 Catalytic activities of the homogeneous Cr(III)Cl-salen complex vs. its 
heterogenised counterparts in the HKR of cyclohexene oxide.  
For the good performance of the heterogenised materials the same explanation 
can be used as earlier, i.e. the combination of the highly ordered structure, metal 
content and accessible acid sites resulting in the high catalytic activity of 
NaAlMCM48C. However, for these materials these properties were not enough to also 
enable a high product ee formation. Generally, ion exchange treatments resulted in only 
a minor uptake of chromium ions into the mesoporous frameworks, in contrast to the 
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cobalt based systems. However, as the framework was not overloaded with metal ions, a 
uniform distribution was very likely, which might positively influence the catalytic 
performance. From the Cr/ Al ratio s it was clear that catalysts with a higher amount of 
Cr complex (i.e.NaAlMCM41C, HAlMCM41C and AlSBA15C) produced higher, up to 37 
% ee s compared to the 18 % for NaAlMCM48C. Generally, the substrate ee s remained 
low.  
5.2.2.8 Summary of the catalytic activity in the ARO of meso-epoxides 
Summarising, in the ring opening reaction of cyclohexene oxide with benzoic 
acid, the homogeneous (R,R)-Co(II)-salen complex showed the highest activity and 
product ee, compared to the other homogeneous catalysts with Co(III)OAc and 
Cr(III)Cl centres, which also were found to be active. The high activity of the Co(II)-
salen complex can be attributed to the formation of the highly active Co(III)O-Benzoate 
intermediate. 
All heterogenised salen complexes showed a high activity, with the on AlMCM-
48 based, by impregnation prepared catalyst, demonstrating the highest conversion, 
yield and selectivity, accompanied by a high enantiomeric excess of the desired R 
configured product. Especially the cobalt containing NaAlMCM48A and NaAlMCM48B 
showed excellent results, followed by the cobalt containing NaAlMCM41B and the on 
AlSBA-15 immobilised salen complexes. Contrary to the results found for the HKR of 
styrene oxide, the AlMCM-41 based catalysts did not show the highest activity among 
the heterogenised catalysts. 
In this reaction the metal/ Al ratio and intact mesoporous structure played a 
more important role in the catalytic activity than the acidity. With a higher acidity the 
catalytic activity increased as well, however, not the acidic character was the directing 
force behind the formation of high catalytic performance and high product ee. These 
findings are supported in Figure 5.16, where the relationship between the catalytic 
performance, the acidity and metal/ Al ratio is presented. The HKR of cyclohexene 
oxide with benzoic acid over heterogenised organometallic complexes is a good 
example, which demonstrates the importance of a combination of influencing factors 
such as the structural properties, acidity and metal content for obtaining a good 
catalytic performance. 
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Figure 5.16 Relationship between the acidity, the structural properties and the catalytic 
activity of on Co(II)-salen complex based heterogenised catalysts regarding the metal-
acid bi-functional mechanism in the HKR of cyclohexene oxide with benzoic acid. 
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5.2.3 R3: Hydroly tic Kinetic Resolution of terminal epoxides with phenols 
As the third test reaction the HKR of 1,2-epoxyhexane with phenol was chosen 
(see Scheme 5.3; the reaction conditions are presented in Chapter Experimental E.3.3) 
17, 18, 50 , 62, 64, 75
. The results for the homogeneous catalysts are presented in Table 5.3. 
The HKR of 1,2-epoxyhexane with phenol (Scheme 5.3) 42, 62 in the presence of the 
Co(III)OAc-salen complex in tert-butyl methyl ether (TBME) led to 61 % conversion of 
phenol after 55 h at room temperature and generated 1-phenoxy-2-hexanol in 94 % ee. 
There were also small amounts of 1,2-diol found, presumably a result of epoxide 
hydrolysis with water. 
Scheme 5.3  
Table 5.3 HKR of 1,2-epoxyhexane with phenol over various homogeneous catalysts. 
Sample a conversion[%] 
yield
[%]
selectivity
[%] 
(R,R)-Co(III)OAc-salen 49.9 3.8 7.7 
(S,S)-Co(II)-salen 42.8 15.4 36.1 
(S,S)-Co(II)-salen b 47.7 16.7 34.9 
(S,S)-Co(II)-salen c 57.8 17.5 30.4 
(R,R)-Cr(III)Cl-salen 42.6 10.5 24.6 
(R,R)-Cr(III)Cl-salen b 45.2 15.3 37.9 
(R,R)-Cr(III)Cl-salen c 55.1 17.1 27.9 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 prolonged reaction time to 48h 
c
 prolonged reaction time to 72 h  
Ready et al. 62 found a 61 % conversion over the Co(III)OAc-salen complex after 
55 h at room temperature, with 1-phenyloxy-2-hexanol generated in >90 % yield and in 
94 % ee. Clearly, all homogeneous catalysts showed good activities, accompanied with 
moderate yields and selectivities (see Table 5.3). Unfortunately, no chiral analysis could 
be developed, so a possible enantiomeric excess of the product cannot be presented. 
The (S,S)-Co(II)-salen complex showed the best activity among the discussed 
catalysts with 43 % conversion, 15 % yield and 36 % ee. Interestingly, the Co(III)OAc-
(R, R)-1-phenoxy-2 hexanol
OH
(S,S)-Co(II I )OAc-salen complex
(+/ -)
1,2-epoxyhexane
Ch. 5                                                 Cataly tic activity of heterogenised Jacobsen s catalysts 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯  
-
 
147 -
salen complex showed a high conversion, but yielded the desired compound in only 4 % 
with 8 % selectivity. 
Extending the reaction time from 24h to 48h and 72h resulted in improved 
conversions; however, in most cases at the expense of the selectivity. Over the Co(II)-
salen complex 24 h was the optimal reaction time, whereas over the Cr(III)Cl-salen 
complex 48h was found to be optimal, yielding 15 % product with 38 % selectivity and 
45 % conversion. This optimal reaction time was not investigated further, as the focus 
of this thesis is on the heterogenisation of the various catalysts. However, yields and 
selectivities were by far less than those reported in literature. Possibly, contaminations, 
or other currently unclear reasons caused the affected catalytic activity. 
In the reaction mixture without any catalyst (blank), in blank reactions with 
metal salts, with the J acobsen s ligand, over the pure and metal ion containing support 
materials, and over several heterogenised catalysts (e.g. CoHAlMCM41Li, 
NaAlMCM41A and C, NaAlMCM48C, CoAlSBA15Li, AlSBA15A and C) no conversion 
was found. 
The few catalysts that showed some catalytic activity are presented in Table 5.4; 
however, generally, the yields and selectivities remained low. Only over the catalysts 
heterogenised by impregnation mentionable yields and selectivities were found, with 
the activity decreasing in order HAlMCM41B > NaAlMCM48B > HAlMCM41C. The 
various catalysts showed with the homogeneous catalyst comparable conversions; 
differences in the yield and selectivities might be caused by the immobilisation of the 
organometallic complex.  
Table 5.4 HKR of 1,2-epoxyhexane with phenol over the various heterogenised 
catalysts. 
Sample a conversion[%] 
yield
[%]
selectivity
[%] 
HAlMCM41A 52.5 0.9 1.7 
HAlMCM41B 46.4 8.0 17.2 
HAlMCM41C 43.0 1.2 2.7 
NaAlMCM41B 37.2 0.5 1.3 
CrHAlMCM48 37.3 0.4 1.2 
CrNaAlMCM48 50.8 0.2 0.3 
CoNaAlMCM48Li 45.9 0.3 0.7 
NaAlMCM48A 42.7 0.7 1.6 
NaAlMCM48B 43.0 4.1 9.5 
AlSBA15B 46.1 0.3 0.7 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
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In the HKR of 1,2-epoxyhexane with phenol, only the homogeneous catalysts 
demonstrated a moderate activity, with the (S,S)-Co(II)-salen complex being the best 
catalyst. Most of the heterogeneous carriers and catalysts did not show any activity in 
this reaction. The best catalytic performance was found over the cobalt salen containing 
HAlMCM41B and NaAlMCM48B catalysts synthesised by impregnation. 
It is not clear why most of the heterogenised materials did not show any activity; 
possibly, the reaction between the phenol and the epoxy hexane is blocked by steric 
reasons, preventing the formation of the aryloxy alcohol inside the mesopores.  
5.2.4 R4: Kinetic resolution of meso-epoxides with azido-trimethyl-silane 
As the last test reaction the asymmetric ring opening of meso-epoxides to 
enantiopure cyclic 1,2-amino alcohols was investigated 17, 18, 50 , 75. From this interesting 
reaction, the synthetically important amino alcohols can be obtained after a subsequent 
desylilation/reduction 16, 44, 52. Here, cyclohexene oxide was used as the substrate, for 
example over the (R,R)-Cr(III)Cl-salen complex as the catalyst, in the presence of 
azido-trimethyl-silane (TMSN3) as the nucleophile (see Scheme 5.4). 
Scheme 5.4  
Salen Cr(III)Cl and Cr(III)N3-salen complexes are known to effectively catalyse 
the ARO of five- and six-membered ring-fused meso-epoxides such as cyclohexene 
oxide with TMSN3 16, 52, 53; the reaction with the Cr(III)Cl-salen complex yielded 96 % 
azido silyl ether product with 85 % ee 51a. In literature, an improvement of the yield and 
ee of the azido silyl ether product with 3 % over the Cr(III)N3 complex was reported. In 
this work, the salen Cr(III)Cl complex was used as the catalyst, which is capable of 
activating both the nucleophilic and the electrophilic reaction partners in the ARO. The 
source of nucleophile in the reaction is the chromium complex Cr-N3 (Figure 2.4, 4b), 
which was generated in-situ from TMSN3. Generally, enantioselectivities of product A 
between 84 % and 88 % have been found, with yields between 80 % and 91 %, 
A
(1S, 2S)-2-azido-1-
(trimethylsiloxy)-
cyclohexene
(1S, 2S)-1,2-
(trimethylsiloxy)-
cyclohexene
(1S, 2S)-2-chloro-1-
(trimethylsiloxy)-
cyclohexene
R,R-Cr(Cl)-complex
(+/ -)
cylohexene oxide
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depending on the size of the fused ring. The catalyst could be reused in the ARO 
without a loss of activity or enantioselectivity 51, 75. 
The azide is a precious reagent, and extreme caution should be exercised in the 
handling of organic and metal azides. Therefore, the synthesis of the catalyst was kept 
as simple as possible. A disadvantage of the use of Cr(III)Cl-salen catalysts is that they 
produce ring-opened by-products such as bis-silyl ether (B) and silylated chlorohydrin 
(C) (see Scheme 5.4), resulting from the chloride transfer to the epoxide with low ee, at 
levels proportional to the amount of catalyst used 51, 72. 
In both the solvent based and the solvent free reactions, by-products B and C 
were only generated during the initial stages, and in yields proportional to the amount 
of catalyst employed. Martinez et al. 16 suggested from the results of the solvent free 
reactions, that the Cr(III)Cl-salen complex is in fact a pre-catalyst and the CrN3 
complex is the actual catalyst in this reaction. There is some confusion regarding the 
mechanism of the enantioselective epoxide ring opening, whether it involves a Lewis 
acid activation by the chromium centre of the Cr(III)Cl complex, or a nucleophile 
delivery of the azide by a Cr-N3 intermediate.  
5.2.4.1 KR of cyclohexene oxide in blank reactions 
The blank (i.e. reaction only with the nucleophile) showed a high conversion but 
very low yield and selectivity for the main product A (see Table J .1, Appendix). 
However, the nucleophile TMSN3 clearly attacked the cyclohexene oxide ring, even 
without the presence of a catalyst, resulting in the formation of several by-products. In 
the presence of J acobsen s ligand only a very low selectivity and ee of the S-configured 
main product A was found, accompanied by traces of B and C, showing the inactivity of 
(R,R)-J acobsen s ligand without the metal centre. The presence of by-product C could 
be explained by possible chloride impurities in the reaction medium, of which a 
reaction with TMSN3 resulted in by-product C.  
5.2.4.2 KR of cyclohexene oxide over homogeneous catalysts 
In Table 5.5, the catalytic activity over the various homogeneous catalysts is 
presented. The reaction was performed at room temperature in the absence of a 
solvent, after which the ring-opened products could conveniently be isolated by vacuum 
distillation (for a more elaborate discussion on the conditions see Chapter 
Experimental). The by GC-MS identified by-products B and C were produced in trace 
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amounts with low enantioselectivities 16. Dependent on the amount of Cr(III)Cl 
complex the formation of (1S,2S) or (1R,2R)-2-chloro-1-(trimethylsiloxy)cyclohexene 
was reported to be formed as a by product (here C) 16, 53. Clearly, all homogeneous 
catalysts catalysed the ring opening of cyclohexene oxide, resulting in the desired 
product with the formation of varying amounts of side products.  
Table 5.5 Catalytic activity of the homogeneous catalysts in the KR of cyclohexene oxide 
with TMSN3. 
Yield [%] 
products 
Selectivity
[%] 
ee [%] 
substrate
ee [%] 
product ASample a Conversion[%] 
A B C product A (R) (S) 
(R,R)-Cr(III)Cl-salen 97.6 90.0 1.3 - 92.3 94.5 98.7 
(R,R)-Cr(III)Cl-salen b 99.3 20.0 9.7 9.7 8.3 87.6 48.1 
(R,R)-Co(II)-salen 85.4 49.8 5.4 - 58.3 93.1 28.2 
(R,R)-Co(III)OAc-salen 94.6 18.5 29.8 2.7 19.6 88.3 47.6 
a
 for denotation of the materials see Chapter Experimental, Table E.1. 
b
 same conditions, prolonged reaction time (48h) 
A (1S, 2S)-2-azido-1-(trimethylsiloxy) cyclohexene 
B (1S, 2S)-1,2-(trimethylsiloxy) cyclohexene 
C (1S, 2S)-2-chloro-1-(trimethylsiloxy)-cyclohexene  
Both the (S,S)- and (R,R)-Cr(III)Cl-salen catalysts showed the highest activity, 
converting cyclohexene oxide highly selective with high yields to main product A. The 
(S,S)-Cr(III)Cl complex showed a higher ee of 98.7 % of the R-configured main product, 
while over the (R,R)-Cr(III)Cl-salen complex 93.6 % of S-configuration could be 
achieved. These results are in good agreement with literature, in which a yield of 88 % 
with 99 % ee was found 51, 75. Increasing the reaction time up to 48 h led to a drastic 
decrease in the yield and selectivity and a significant increase in the amounts of by-
product formed, lowering the ee to 48 %. Figure 5.17 shows the catalytic activity of the 
homogeneous catalysts vs. the blank reaction. 
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Figure 5.17 Catalytic activity of the homogeneous catalysts vs. the blank reaction in the 
KR of cyclohexene oxide with TMSN3.  
The side group containing Co(III)OAc-salen complex (cobalt based catalysts are 
not mentioned in literature for this type of reaction) converted the substrate selectively 
to its corresponding main product A, although with only moderate selectivity and the 
formation of high amounts of side products. The ee of 48 % of the main product was 
good. The Co(II)-salen complex showed good yields and selectivities, with a moderate 
ee of only 28 %. The (R,R)-catalyst mainly produced the S-product, and the (S,S)-
catalyst the R-product, following the usual principles of stereochemistry. Furthermore, 
no racemisation occurred over these catalysts.  
5.2.4.3 KR of cyclohexene oxide over pure mesoporous carriers 
In Figure 5.18 and in the Appendix Table J .2 the catalytic activity of the various 
MCM and SBA-15 type support materials in the KR of cyclohexene oxide is shown, 
using the same reaction conditions as used for the homogeneous catalysts 51, 75. Over 
these support materials high conversions were found, but product yields and 
selectivities were low. Comparing this data with the other blank reactions (see Table J.1, 
Appendix) suggests, that the conversion was a result of the role of the nucleophile 
TMSN3. 
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Figure 5.18 Catalytic activities of various mesoporous carriers in the KR of cyclohexene 
oxide with TMSN3.  
However, over the more acidic supports such as AlSBA-15, or due to the NH4+ 
treatment to obtain the protonated supports, the selectivity increased slightly, also 
resulting in low to moderate product ee s. Mostly, the formation of the enantioenriched 
substrate was favoured over the support materials, showing the steric directing ability 
of the mesopores. The highest substrate ee was found over AlMCM-41 with 46 %, 
followed with 19 % over H+AlMCM-48. The highest product A ee of 11 % could be 
obtained over H+AlMCM-41. In Figure 5.19, the relationship between acidity and 
catalytic performance is presented. 
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Figure 5.19 Relationship between the catalytic activity, the acidity and Si/ Al ratio of 
various support materials.  
5.2.4.4 KR of cyclohexene oxide over metal ions containing mesoporous carriers 
The catalytic activity of the 3d transition metal ions Co and Cr containing 
intermediate carrier materials is presented in the Appendix, Tables J .3 and J .4, and in 
Figures J .1 and J .2. Interestingly, all metal containing support materials converted the 
substrate selectively to the desired product. High conversions ±90-95 %, low-moderate 
yields and selectivities between 5-39 % could be obtained. Their catalytic performance 
decreased in the order CoAlSBA15 > CoNaAlMCM48 > CoHAlMCM41 > CoHAlMCM48 
> CoNaAlMCM41. 
Although here the relationship between the acidity and performance cannot be 
observed as clearly as for the earlier described reactions, the acidity still played an 
important role in creating the optimal conditions for the metal-acid bi-functional 
mechanism. The AlSBA-15 and H+AlMCM-41 carriers had a strong Lewis acidic 
character, whereas the parent materials AlMCM-48 and AlMCM-41 also possessed 
more Brønsted type acid sites. 
As explained earlier, with the introduction of transition metals the Lewis acidic 
character in the framework will change. Furthermore, the metal content of these 
materials also played an important role in the formation of the catalytic activity. The 
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Co/ Al ratios of the various materials are presented in Table J .3 (see Appendix). 
CoAlSBA15 had the lowest Co/ Al ratio among these materials, but still showed the 
highest performance. With a lower Co/ Al ratio, the metal ions are very likely well 
distributed inside the framework, whereas the accessibility of the acid sites in the 
mesopores will be not disturbed. This suggests, that the decreasing catalytic activity is a 
result of a relationship between the metal content and the distribution and the 
accessibility of the acid sites. 
The product ee s showed a different behaviour; only over CoNaAlMCM41 a high 
substrate ee of 65 % could be obtained. Over the AlMCM-41 carrier already a 46 % ee 
could be obtained, which was enhanced by the introduction of the Co ions. The 
substrate ee over the other materials remained low with less than 10 %. More 
interesting were the product A ee s which ranged from 12 % over CoAlSBA15 to 26 % 
over CoHAlMCM41. Possibly, here some Brønsted acidic influences might be observed. 
The values found for CoNaAlMCM41 were somewhat outstanding, which could possibly 
be explained by the too high Co/ Al ratio in the framework, causing less well-distributed 
Co in the system, causing the formation of enantio-enriched substrate. 
All Cr containing carriers (see Table J .4 and Figure J .2 in the Appendix) were 
found to be active in this reaction as well. CrHAlMCM41 showed the best catalytic 
performance with 95 % conversion, 27 % yield and selectivity, and 16 % product A ee. 
High values could also be obtained over CrHAlM48 and CrAlSBA15. The higher 
conversion over these materials might be attributable to the more intact mesoporous 
structure and their high Cr/ Al ratio s, whereas the high activity of CrHAlMCM41 to its 
highest acidity (0 .64 mmol/ g) among these materials. Higher product ee s might be 
connected to high Cr/ Al ratio s. Side products were produced to a minor degree over all 
metal containing carriers.  
5.2.4.4 KR of cyclohexene oxide over heterogenised Cr(III)Cl complexes 
The catalytic performance of Cr(III)Cl-salen complex containing heterogenised 
catalysts and of the homogeneous complex are presented in Table J .5 (see Appendix) 
and in Figure 5.20 . The performance of the homogeneous Cr(III)Cl-salen complex was 
outstanding with 98 % conversion, >90 % yield and selectivity, and 99 % ee. All on 
Cr(III)Cl-salen complex based heterogenised catalysts showed catalytic activity in the 
KR of cyclohexene oxide, however, only the activity of NaAlMCM48C was found to be 
comparable to that of the homogeneous one. Over NaAlMCM48C a good yield and 
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selectivity was found with ~45 %, accompanied by good ~55 % ee s of substrate and 
product A. 
Figure 5.20 Catalytic activity of the homogeneous (R,R)-Cr(III)Cl-salen complex vs. its 
heterogenised counterparts in the KR of cyclohexene oxide with TMSN3.  
The performance of the other materials was with a typical <2 % yield and 
selectivity for product A not remarkable. All these catalysts produced higher amounts of 
side products B and C than NaAlMCM48C. Over NaAlMCM41C low yields and 
selectivities could be obtained; its 2D mild acidic structure favoured the formation of 
product A with 23 % contrary to the 2 % of substrate ee. With regard to HAlMCM41C, 
over this material a higher substrate ee was found, whereas the ee s of substrate and 
product A over AlSBA15C remained close to each other. 
The Cr/Al ratio of NaAlMCM48C suggested a low, but well distributed chromium 
ions content in the framework. This probably resulted in easy accessible acid sites, 
mainly consisting of Brønsted acid sites as found with Pyr-IR measurements (vide 
supra). Its mesopores were well ordered, and showed a 3D structure with large surface 
area. These properties make ideal conditions for the metal-acid bi-functional 
mechanism. 
It is interesting to note that, with exception of NaAlMCM48C, the heterogenised 
materials did not produce the desired product A, but that the reaction shifted inside the 
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pores to the formation of side products. Possibly, the formation of Cr(III)N3 centre did 
not succeed inside the 2D mesoporous channels of AlMCM-41 and AlSBA-15 type 
materials. On the other hand it is known, that the Cr(III)Cl-salen complex is a less 
active catalyst in the KR of cyclohexene oxide than its Cr(III)N3 counterpart. Again, the 
catalytic performance of the homogeneous catalysts was affected by the immobilisation 
treatment as well.  
5.2.4.5 KR of cyclohexene oxide over heterogenised Co(II)-salen complexes 
5.2.4.5.1 Heterogenised Co(II)-salen complexes prepared by impregnation 
The catalytic performance of the on Co(II)-salen based by impregnation 
heterogenised materials was investigated with this reaction as well. The corresponding 
catalytic results are presented in the Appendix in Table J .6 and in Figure 5.21. All 
heterogenised Co(II)-salen based catalysts showed activity, with conversions of 90 % 
even higher than that of their homogeneous counterparts with 85 %. Nevertheless, over 
these materials very low, less than 4 % yields and selectivities could be obtained. 
Figure 5.21 Catalytic activity of the homogeneous (S,S)-Co-salen complex vs. its 
heterogenised counterparts in the KR of cyclohexene oxide with TMSN3.  
Over NaAlMCM41B, both substrate and product A ee s were 25 %, over 
HAlMCM41B 18 %. For both NaAlMCM48B and AlSBA15B, the product A ee of ca. 21 % 
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was found to be higher than the substrate ee. The Co/ Al ratio of NaAlMCM48B was the 
lowest among the here investigated materials, which indicated well-distributed Co ions 
on the surface. This might suggest, that the Brønsted acid sites in the 3D channels of 
AlMCM-48 could participate in the metal-acid bi-functional mechanism, similar to its 
chromium containing NaAlMCM48C counterpart. As observed earlier for these 
catalysts, the reaction shifted to the formation of side products, with the exception of 
NaAlMCM48B.  
5.2.4.5.2 Heterogenised Co(II)-salen complexes prepared by ion exchange 
Table J .7 and Figure J .3 (see Appendix) shows the catalytic performance of 
Co(II)-salen complex containing heterogenised materials, prepared by ion exchange 
and following ligand immobilisation. The metal and ligand containing heterogenised 
catalysts also showed conversion to the desired product A. However, surprisingly low 
selectivities were accompanied by higher ee s, and in all cases, by-products were 
formed. On the other hand, here over CoNaAlMCM48Li and CoAlSBA15Li somewhat 
higher values of ~8 % could be obtained and the reaction resulted in ~20 % and ~10 % 
of ee s, respectively. Over CoHAlMCM41Li only 1 % yield was found, but a moderate 
substrate ee with 28 %, and product A ee with 20 %, could be observed.  
5.2.4.6 Catalytic performance of heterogenised Co(III)OAc-salen complexes  
The catalytic activity of on Co(III)OAc based heterogenised materials is 
presented in Table J .8 in the Appendix and in Figure 5.22. The conversion over the 
heterogenised materials was even higher than that of their homogeneous counterpart, 
although yields, selectivities and substrate ee could only be produced to a minor degree 
of 1 %. Over HAlMCM41A, 6 % yield, selectivity and substrate ee was found. 
Interestingly, the homogeneous complex was found to be highly active, but produced 
the desired product A with only a 10 % yield, accompanied by a high 88 % ee. 
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Figure 5.22 Catalytic activity of the homogeneous (R,R)-Co(III)OAc-salen complex vs. 
its heterogenised counterparts in the KR of cyclohexene oxide with TMSN3.  
The highest product A ee was obtained over NaAlMCM41A with 37 %, followed 
by HAlMCM41A and AlSBA15A with ~12 %, then with 9 % the NaAlMCM48A. The high 
ee over NaAlMCM41A could be attributed to its intact structure and its high Co/ Al 
ratio. The decreasing product A ee could be attributable to the decreasing Co/ Al ratio, 
and might to a minor degree be connected to the acidity and/or structural properties.  
5.2.4.7 Summary of catalytic performance in the KR of cyclohexene oxide 
In this series of experiments, all heterogenised materials showed a high activity 
in the KR of cyclohexene oxide with TMSN3, but generally only with very low to 
moderate yields, selectivities and ee s. The homogeneous Cr(III)Cl organometallic 
complex was the best catalyst; however, over its Co based counterparts also the desired 
product could be obtained, but in significantly lower optical purity. Very likely the 
catalytic highly active Cr(III)N3 intermediate complex can easier be formed over the 
Cr(III) centre than over the cobalt centre. 
The catalytic performance of the heterogenised materials was close to that of 
their homogeneous complexes. No significant relationship could be found between the 
acidity and catalytic performance, as can be seen in Figure J .4 and the corresponding 
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Table J .9 in the Appendix. The metal content (metal/ Al ratio), metal distribution and 
the structural properties of the host material were more important for the catalytic 
activity. Where there was no metal/ Al ratio difference, the acidity of the carrier 
probably took over the directing role. 
Interestingly, over the metal exchanged supports low to moderate yields and 
selectivities to the desired product A were found. The on AlMCM-41 and AlSBA-15 
based catalysts exhibited lower activities, with moderate ee s of product A and the 
substrate. The on AlMCM-48 based catalysts showed the highest activity in this test 
reaction; especially the Cr(III)Cl complex containing NaAlMCM48C proved to be the 
best heterogenised catalyst for the kinetic resolution of cyclohexene oxide with TMSN3. 
This was probably due to its mild acidity, 3D mesopores and large surface area, where 
the formation of the highly active Cr(III)N3 complex was not hindered.  
5.2.5 Leaching behaviour and reusability of the heterogenised catalysts 
5.2.5.1 Co(II)-salen complex containing heterogenised catalysts 
Finally, the reusability and the leaching behaviour of the various materials were 
investigated. The reusability was investigated by filtering off the used catalyst after the 
end of the reaction and reusing the materials for a second and a third time. To obtain 
enough material, spent catalysts were collected and used together in these tests. Prior to 
the recycle, the catalysts were washed with ethanol to remove any possible products 
from the catalysts. This ethanol solution was analysed, and in all cases found to contain 
substrates and products of the various reactions, which was very likely occluded inside 
the mesopores of the heterogenised materials. This explains some of the differences 
found in the previous paragraphs between the various homogeneous catalysts and the 
heterogenised materials. 
The leaching behaviour was investigated in the so called Hot filtration test by 
filtering off the catalyst during reactions shortly after the beginning of the reaction, 
after which the mixture without the solid materials was left to react for the remainder of 
the reaction time. If the heterogenised catalyst leaches, the leached, now homogeneous 
catalyst would continue the reaction; if the reaction would stop after filtering off the 
mother liquid this would be a strong indication that the catalyst does not leach. 
Furthermore, the metal content of the catalysts after the double recycle and the 
leaching experiments was determined by ICP AES, as well as the relative crystallinity of 
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the various catalysts, which provides information concerning the long term stability of 
the heterogenised materials. 
For the leaching and reusability tests of the cobalt containing catalysts the HKR 
of styrene oxide with water was chosen as test reaction, as cobalt based salen complexes 
were found to be highly active in this reaction 13- 15, 17, 18, 45. 
Styrene oxide reacted with water, producing S-styrene oxide with a 67.9 % 
isolated yield and 99.6 % ee, combined with a 95.3 % yield for R-styrene glycol with 
93.9 % ee after recrystallisation 74. The same substrate reacted in the presence of a 
Co(III)OAc-salen complex, obtaining S-styrene oxide and R-styrene glycol in a 38 % 
yield and a 98 % ee 13, 75, without any side products being detected. The Co(III)OAc-
salen complex was regenerated by a treatment with acetic acid in air, such that the 
catalyst could be recycled without an observable loss in activity or selectivity 13. In 
Figure 5.23, the results of recycling and the Hot filtration test over the on H+AlMCM-41 
heterogenised Co(III)OAc-salen complex are presented. 
Figure 5.23 Results of recycling and the Hot filtration test (leaching) over HAlMCM41A 
in the HKR of styrene oxide.  
In Tables K.1, K.3, K.5, K.7, K.9, K.11 and Figures K.1, K.2, K3 and K.4 (see 
Appendix) the results of the recycle and leaching experiments for the various cobalt 
based heterogenised catalysts are presented. Clearly, all catalysts could be recycled, 
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maintaining a certain activity and selectivity. However, all catalysts also were found to 
leach; after removal of the solid catalysts from the reaction mixtures, the conversion of 
the substrate continued. The results of the Hot filtration test (leaching) give a strong 
indication for leaching; very likely, the leached, homogeneous species also played a role 
in the catalysis of reactions carried out with the heterogenised catalysts. 
Leaching was confirmed by elemental analysis of the spent catalysts (see Tables 
K.2, K.4, K.6, K.8, K.10 , K.12 in Appendix); all materials lost cobalt during the various 
reactions. Furthermore, most materials also suffered some loss of aluminium from the 
framework. The various materials also suffered some structural degradation, as can be 
seen from the decrease in the relative crystallinity and the changes in the repeat 
distance a0 after the recycles and leaching experiments.  
5.2.5.2 Cr(III)Cl based heterogenised catalysts 
To investigate the leaching and reusability behaviour of the chromium based 
catalysts the KR of cyclohexene oxide with TMSN3 was chosen as test reaction. The 
addition of cyclohexene oxide and the nucleophile TMSN3 over the homogeneous 
Cr(III)Cl containing salen complex resulted in a 90 % yield and 88 % ee, without the 
formation of detectable amounts of by-products. Martinez et al. 16 reported on the 
recycle of this catalyst under solvent free conditions, in which the first recycle yielded 
an 86 % ee of the azido silyl alcohol (product A; see Scheme 5.4). As expected, this 
product was contaminated with small amounts ( 2 % of each) of bis-silyl ether 
(product B) and silylated chlorohydrin (product C). 
Leaching could be confirmed with elemental analysis (see Table K.13, Appendix); 
the metal content of all catalysts decreased after the catalytic experiments, which 
decrease increased with the number of catalytic cycles. The Si/Al ratio was also found to 
decrease, showing that the catalysts also suffered dealumination. Furthermore, the 
recycles also caused a loss in the relative crystallinity, showing degradation of the 
structure during the catalytic cycles, combined with an increase in the repeat distance 
a0 of the various materials (see Table K.14, Appendix). 
All Cr(III)Cl complex based catalysts showed catalytic activity in both recycles, 
although the activity decreased slightly after the second recycle (see Tables K.15 and 
K.16, Appendix). Side products were formed in various amounts. Unfortunately, all 
catalysts leached; after removal of the heterogenised materials, the reaction continued 
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in the remaining solution. Figure 5.24 presents the results of recycling experiments of 
on H+AlMCM-41 type carrier based Cr(III)Cl-salen complex. 
Figure 5.24 Results of recycling and the Hot filtration test (leaching) over HAlMCM41C 
in the KR of cyclohexene oxide.   
5.3 Conclusions  
With Co(II)-, Co(III)OAc- and Cr(III)Cl-centres substituted J acobsen salen 
complexes were immobilised via impregnation or ion exchange into different types of 
mesoporous materials such as AlMCM-41 and AlMCM-48 and AlSBA-15. Their activity 
in several aromatic ring-opening (ARO) reactions was investigated. 
All homogeneous catalysts were found to be highly active in the here investigated 
ring-opening reactions (R1; HKR of styrene oxide, R2; HKR of cyclohexene oxide with 
benzoic acid, R3; HKR of 1,2-epoxyhexane with phenol and R4; the kinetic resolution of 
cyclohexene oxide with azido-trimethyl-silane). The here obtained catalytic results were 
in good correspondence with the values presented in literature. 
In the HKR of styrene oxide (R1), in the ARO of cyclohexene oxide (R2) and in 
the KR of 1,2-epoxyhexane (R3), the Co(II)-salen complex showed the highest activity, 
with >95 % conversion, yield and selectivity and 100 % enantiomeric excess of R-
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styrene glycol in R1, and 74 % ee of 1,2-cyclohexanediol monobenzoate ester in R2. In 
R3 only 58 % conversion, 17 % yield and 36 % selectivity for 1-phenoxy-2-hexanol could 
be achieved. In R4, the best results were obtained over the Cr(III)Cl based 
organometallic complex, converting cyclohexene oxide into 2-azido-1-(trimethylsiloxy)-
cyclohexane with 98 % conversion, 90 % yield, 93 % selectivity and 99 % ee. 
Several blank reactions were performed, such as reactions without any additions, 
reaction with J acobsen s ligand, blank reactions with the support materials and blanks 
with the metal ion exchanged support materials. In all reactions but R3 conversions 
were found, albeit to a different extent, similar to what was also observed by Baleizao et 
al. 21. In these blank reactions, the epoxide ring opening force of the nucleophile 
reagents was investigated. The strongest nucleophile was found to be benzoic acid in 
R2, followed by the TMSN3 in R4, then water in R1. Phenol as the nucleophile was only 
active in combination with the organometallic complexes, and after long reaction times 
(72h). 
Interestingly, over the pure mesoporous carriers and the metal containing 
intermediate materials low ee formation could be observed, without the sterical 
directing force of the salen complex. This might very well be connected to the acidic 
sites of the carrier and the metal centres. However, these tests would have to be 
repeated in further investigations to confirm these results and this theory. 
The catalytic activity of the mesoporous materials could be connected to their 
accessible acidic sites and their mesoporous structure. High conversions were mostly 
accompanied by low yields and selectivities, with low to moderate product ee s. The low 
ee s that were found might be explained by a possible directing effect of the mesopores, 
resulting in steric hindrance, causing one of the configurations to be formed 
preferentially. Furthermore, the acidic character positively influenced the catalytic 
performance in all reactions. In R1 the Lewis acidic character took over the leading role 
of the nucleophile reagent, whereas in other reactions the acidic balance between the 
Lewis and Brønsted acidity was clearly significant in the formation of catalytic activity 
in combination with the nucleophile reagent. The accessibility of these acidic sites could 
be maintained optimally by an intact mesoporous structure. AlMCM-41 and AlSBA-15 
possess a 2D hexagonal mesoporous structure; however, the SBA-15 type materials 
have wider pores and a more stable framework. The highly ordered 3D pore structure of 
AlMCM-48 has proven to have a positive effect in reactions such as R2 and R4. 
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The preparation of a more acidic framework by a NH4+ treatment followed by 
calcination in most cases resulted in a more or less damaged mesoporous structure of 
the MCM type materials. The not further treated AlMCM-41, AlMCM-48 and AlSBA-15 
materials revealed a better catalytic performance in all reactions, and served as more 
stable parent materials for the immobilisation treatments. 
Over metal containing support materials, the catalytic activities improved further 
due to their 3d transition metal Co and Cr content. The introduction of these metals 
increased the Lewis acidic character of the frameworks. However, their proper 
distribution on the framework was found to be crucial to enable a metal-acid bi-
functional mechanism. The mesoporous framework can be considered as part of the 
coordination shell of the ion, which can enhance the enantioselectivity of these catalysts 
229b, 231
. Contrary to their improved catalytic performance, due to the lack of sterical 
leading role of the chiral ligand only poor substrate and product ee s were obtained. 
In R1, especially over Co2+ ions containing mesoporous carriers, racemisation 
was found. This phenomenon was not yet described in the literature 13, 17, 74, although it 
might be connected to the complex forming properties of Co2+ ions. Co2+ ions form 
exclusively tetrahedral complexes, which are metastable. The substrate in this metal-
substrate intermediate complex tends therefore to disattach and re-attach itself again, 
which often results in racemisation 231 e-f. 
Generally, among the heterogenised catalysts the best catalytic activity was found 
over the by impregnation prepared catalysts, followed by the by ion exchange prepared 
materials. With the impregnation treatment more organometallic complex could be 
incorporated into the framework, without suffering much structural damage, than by 
the ion exchange method. Nevertheless, the lower metal content of the by ion exchange 
and post ligand loading synthesised catalysts were mostly more active in the formation 
of product ee s, probably due to a better distribution of metal ions in the framework. 
Most likely, the impregnation treatment resulted in the formation of metallic clusters, 
which might hinder the effective diffusion of reagents in and out of the pores. 
Over these materials, in most reactions selectivities and efficiencies comparable 
to their homogeneous counterparts could be obtained. Several limiting factors might 
play a role in the somewhat affected catalytic performance of the heterogenised 
complexes, such as the shielding effect of the carrier material, inaccessible acid sites, by 
metallic clusters partially blocked pores, or limited diffusion and transfer of the 
reagents to the active sites of the catalyst. A clear relationship was discovered between 
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the acidic character of the mesoporous carriers and the catalytic performance of the 
heterogenised complexes. The theory of metal-acid bifunctional mechanisms could be 
confirmed over all materials in all reactions except in R3. Interestingly, in R3 only few 
heterogenised materials showed some conversion, accompanied by low yields and 
selectivities. Mostly materials with an intact, by the impregnation not much affected 
mesoporous framework, showed good catalytic activity. 
Finally, the reusability and leaching behaviour of the heterogenised materials 
was investigated. A wash of the spent catalysts prior to the recycle and leaching 
experiments showed that both substrate and product were occluded in the materials. 
This might explain the relatively low yields and selectivities at the found high 
conversions. Therefore, the real catalytic performance is very likely higher than the 
found one. 
The reusability tests showed that all heterogenised catalysts could be reused, 
however with some lost of activity. The Hot filtration test (leaching) experiments 
showed that all catalysts leached; therefore, catalysis might very well have been partly 
homogeneous. Moreover, leaching was also confirmed by elemental analysis; all 
materials lost metal ions during the recycle experiments. The relative crystallinity of the 
spent catalysts was also measured to provide information concerning the long term 
stability of the heterogenised materials. 
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Summary   
Epoxides are important intermediates for the stereo controlled synthesis of 
complex organic compounds, and their use has increased dramatically with the advent 
of practical asymmetric catalytic methods for their synthesis 36, 65, 218. In the early 
nineties, J acobsen and his colleagues designed the chiral Mn(III)-Schiff base complex, 
which to date is the most efficient catalyst available for the enantioselective epoxidation 
of unfunctionalised olefins 10, 11, 134, 147. 
J acobsen also discovered that by the variation of the metal centre of this Schiff 
base complex various active catalysts can be created that enable access to valuable 
products derived from terminal and meso-epoxides in high enantiomeric purity via 
asymmetric ring opening reactions 17, 18, 50 , 55, 75, 219, 220. These products are valuable 
chiral intermediates for the preparation of pharmaceutical agents, such as muconin, 
protozoal plasma membrane components, -blockers, tri-substituted THP s or (-)-
mycalolide A, for the pharmaceutical industry 13-16, 42, 50, 52, 53, 62, 64, 69. 
Although the catalytic performance of this type of catalysts is good or even 
excellent, their use on an industrial scale is limited due to their homogeneous nature. 
Their discovery immediately raised the question if these homogeneous complexes 
might be heterogenised. In this work, the heterogenisation of cobalt and chromium 
based homogeneous J acobsen complexes in mesoporous carrier systems using ion 
exchange and impregnation methods were investigated. The synthesised catalysts were 
tested on their catalytic performance in several asymmetric ring opening reactions. 
The structural stability is a key factor for the use of surfactant templated 
mesoporous materials as adsorbents, solid acid catalysts, catalyst supports, or ion 
exchange materials 76, 83, 85, 104, 133, 175, 176. At the beginning of the present work, various 
attempts failed to synthesise catalysts via ion exchange procedures according to a 
method similar to Kim et al. 70 , 163, 173 and only resulted in materials with a strong loss of 
the structural properties. Therefore, the influence of a number of possible factors in ion 
exchange procedures, such as the solvent, treatment time and temperature, and the 
type of inorganic metal salt and its concentration on the structure of M41S type 
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materials, was investigated, to obtain the optimal preparation conditions for the 
heterogenisation of J acobsen s catalyst. 
The best conditions for an ion exchange with cobalt and chromium of MCM-41 
based materials were found to be a multiple treatment with dilute aqueous nitrate salt 
solutions; using these conditions the loss of crystallinity was the least, and there was 
hardly any over-exchange of the materials. 
In the next phase of this thesis various cobalt and chromium based J acobsen s 
catalysts were incorporated into the mesoporous carrier materials AlMCM-41, AlMCM-
48 and AlSBA-15, using this optimised ion exchange method 11, 163-165, 221, 222 and 
impregnation methods 133, 135, 223-225. The materials were characterised with a large 
variety of techniques and their properties were compared with those of the carrier 
materials and ion exchanged carriers. 
Elemental analysis showed that the impregnation and ion exchange methods 
resulted in the introduction of higher amounts of cobalt ions than reported by Kim et 
al. 163; by ion exchange 2 to 10 times, and by impregnation 2 to 4 times more cobalt 
could be incorporated. Furthermore, significantly more cobalt than chromium ions 
could be incorporated in the mesopores. 
The metal ion concentration of the ion exchanged mesoporous materials could 
be connected to both the Lewis acid sites of the carriers and the acidic behaviour of the 
incorporated metal ions. Cobalt and chromium ions are known to have a Lewis acidic 
character, however, cobalt ions are relative unreactive and less acidic than chromium 
ions. Therefore, contrary to Cr(III) ions, cobalt ions are also much less susceptible to 
hydrolysis 231b-c. A higher tendency to hydrolysis is important to prevent the 
mesoporous surface from overloading with metal ions 231a-d. The free metal ions should 
form hydroxyl bridges containing polynuclear complexes on the surface by coordinating 
the Lewis acid sites in a process known as olation, which might prevent overloading 
with the to be incorporated metal ions. This suggests that due to their more acidic 
character and higher reactivity, the Cr(III) ions were able to form more stable and inert 
complexes than their cobalt counterparts. The cobalt excess in the mesopores thus very 
likely stems from metal clusters, as not all cobalt ions were bonded to a bridging 
hydroxyl groups to build stable polynuclear cobalt complexes 231. 
The incorporation of the organometallic complexes inside the pores of the carrier 
materials could be confirmed by several techniques such as nitrogen sorption, thermo 
gravimetric analysis, FT-IR and UV-Vis spectroscopy. 
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The acidity of the protonated aluminium containing support materials was 
investigated with FT-IR on pyridine loaded materials, and with temperature 
programmed desorption of ammonia (NH3-TPD). A correlation was found between the 
acidic character of the host and the amounts of organometallic complex that could be 
immobilised inside the mesopores. AlMCM-48 could host the highest amount of 
organometallic complex among all materials due to its stronger Brønsted acidic 
character. 
Based on the results, immobilisation was found to be the most effective way for 
the incorporation of organometallic complexes without affecting the characteristic 
properties of the carrier materials. AlMCM-48 was found to be the most sensitive 
support material for immobilisation treatments. 
The catalytic performance of the heterogenised J acobsen salen complexes 
substituted with Co(II), Co(III)OAc and Cr(III)Cl centres was tested in several 
asymmetric ring opening (ARO) reactions. All homogeneous catalysts were found to be 
highly active in the here investigated ring-opening reactions (R1; hydrolytic kinetic 
resolution of styrene oxide with water, R2; the hydrolytic kinetic resolution of 
cyclohexene oxide with benzoic acid, R3; hydrolytic kinetic resolution of 1,2-
epoxyhexane with phenol and R4; the kinetic resolution of cyclohexene oxide with 
azido-trimethyl-silane). The here obtained catalytic results were in good 
correspondence with literature. 
In the HKR of styrene oxide (R1), in the HKR of cyclohexene oxide (R2) and in 
the HKR of 1,2-epoxyhexane (R3), the Co(II)-salen complex showed the highest 
activity, with > 95 % conversion, yield and selectivity and 100 % enantiomeric excess of 
R-styrene glycol in R1, and 74 % ee of 1,2-cyclohexanediol monobenzoate ester in R2. In 
R3 only 58 % conversion, 17 % yield and 36 % selectivity for 1-phenoxy-2-hexanol was 
found. In R4, the best results were obtained over the Cr(III)Cl based organometallic 
complex, converting cyclohexene oxide into 2-azido-1-(trimethylsiloxy)-cyclohexane 
with 98 % conversion, 90 % yield, 93 % selectivity and 99 % ee. 
Interestingly, over the pure mesoporous carriers and metal containing 
intermediate materials also although minor ee formation of product was found, 
although the sterical directing force of the salen complex was not present. This might 
very well be connected to the acidic sites of the carrier and the metal centres. This 
phenomenon is not mentioned in catalysis related literature 13, 17, 74, but might very well 
be attributable to an in situ racemisation of the R-substrate, as Co2+ metal-
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ligand/ substrate bonds form exclusively tetrahedral complexes. The complexes in this 
symmetry are metastable but electrostatically favoured, which might result in 
disattachement of the substrate followed by a re-attachment to the metal ion. In these 
cases racemisation can often occur 231 e-f. To confirm these results and this theory these 
results would have to repeated and investigated further. 
The catalytic activity of the heterogenised organometallic complexes was found 
to be connected to their accessible acidic sites and their mesoporous structure. The 
accessibility of the acidic sites could be optimally maintained by an intact mesoporous 
structure. AlMCM-41 and AlSBA-15 possess a 2D hexagonal mesoporous structure; 
however, the SBA-15 type materials have wider pores and a more stable framework. The 
highly ordered 3D pore structure of AlMCM-48 was shown to have a positive effect in 
reactions such as R2 and R4. 
Generally, among the heterogenised catalysts the best catalytic activity was found 
for catalysts prepared by immobilisation. With the immobilisation treatment more 
organometallic complex could be incorporated into the framework without significant 
structural damage than by the ion exchange method. The catalysts synthesised by ion 
exchange and post ligand loading generally showed higher ee s, which was probably due 
to a better distribution of metal ions in the framework. 
In most reactions over the heterogenised materials prepared by immobilisation, 
selectivity s and efficiencies comparable to their homogeneous counterparts were 
obtained. Several limiting factors might play a role in the somewhat affected catalytic 
performance of the heterogenised complexes, such as a shielding effect of the carrier 
material, inaccessible acid sites, by metallic clusters partially blocked pores, or limited 
diffusion and transfer of the reagents to the active sites of the catalyst. A clear 
relationship was discovered between the acidic character of the mesoporous carriers 
and the catalytic performance of the heterogenised complexes. Except for R3 the theory 
of metal-acid bifunctional mechanisms could be confirmed over all materials in all 
reactions. 
Finally, the reusability and leaching behaviour of the heterogenised materials 
was investigated. A wash of the used catalysts prior to the recycle and leaching 
experiments showed that both substrate and product were occluded in the materials. 
This means that the real catalytic performance was very likely higher than the found 
one. The reusability tests showed that all heterogenised catalysts could be reused, 
although with some loss of activity. The Hot filtration test (leaching) experiments 
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showed that all catalysts leached; therefore, catalysis might very well have been taken 
place at least partially homogeneous. Moreover, leaching was also confirmed by 
elemental analysis; all materials lost metal ions during the recycle experiments. 
Further investigations starting from this work could include a further 
optimisation of both immobilisation procedures to prevent the mesoporous host from 
overloading and to hinder leaching of the immobilised organometallic complex. The 
heterogenised catalysts prepared by ion exchange often showed excellent catalytic 
activity, especially regarding the ee s. By optimisation of the protonation procedure of 
MCM type materials possibly structure destroying factors could be eliminated, and a 
well-balanced acidic structure might be obtained, which is very important for the 
incorporation of organometallic complexes and their catalytic performance. More 
catalytic tests are needed to confirm the findings presented here, certainly on the 
racemisation of the starting material and the production of enantioenriched products 
though in small amounts over the pure and metal ions containing mesoporous 
materials. Object of other investigations could be reaction 3, the ARO of 1,2 
epoxyhexane with phenol, to determine the reason of the very poor catalytic 
performance of the heterogenised catalysts. Finally, immobilisation on other 
mesoporous carriers using other methods to prevent leaching might be subject of 
further investigations. 
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Zusammenfassung   
Epoxide sind wichtige Zwischenprodukte für die stereokontrollierte Synthese 
einer Vielfalt komplexer organischer Verbindungen, deren Verwendung sich in den 
letzten J ahren dank der industriellen Anwendung der experimentellen katalytischen 
Methoden dramatisch erhöht hat 36, 65, 128. In den frühen neunziger J ahren entwickelten 
J acobsen und seine Kollegen den chiralen Mn (III)-Schiff-Basis-Komplex, der bis heute 
der meist effiziente Katalysator für die enantioselektive Epoxidierung von 
unfunctionalisierten Olefinen ist 10, 11, 134, 147. 
J acobsen entdeckte außerdem, dass durch die Variation des metallischen 
Zentrums im Schiff-Basis Komplex verschiedene Katalysatoren hergestellt werden 
können, was den Zugang zu sehr wertvollen Molekülen ermöglicht. Diese wertvollen 
Produkte stammen aus den asymmetrischen Ringöffnungsreaktionen der Terminalen 
und meso-Epoxide. Sie haben hohe Enantiomerenreinheit 17, 18, 50 , 55, 75, 219, 220 und 
dienen als sehr wertvolle chiralen Zwischenprodukte für die Wirkstoffherstellung 
mehrerer Pharmazeutika, wie Muconin, Protozoal, Plasmamembran Komponenten, -
Blocker, tri-substituierte THP s oder (-)-Mycalolide A, etc. 13-16, 42, 50, 52, 53, 62, 64, 69. 
Obwohl die katalytische Leistung dieser Art von Katalysatoren gut oder sogar 
sehr gut ist, bleibt ihr Einsatz im industriellen Maßstab durch ihre homogene Natur 
begrenzt. Ihre Entdeckung hat sofort die Diskussion erregt, ob diese homogenen 
Komplexe erfolgreich heterogenisiert werden könnten. Ziel der vorliegenden Arbeit war 
die Immobilisierung der homogenen Kobalt- und Chrom-Salen Komplexe in 
nanoporösen Träger Systemen mittels Ionentausch und Imprägnierung. Die neuartigen 
asymmetrischen Heterogenkatalysatoren sollten auf ihre katalytische Leistung in 
verschiedenen asymmetrischen Epoxid Ringöffnungsreaktionen getestet werden. 
Die strukturelle Stabilität ist ein Schlüsselfaktor für den Einsatz von 
mesoporösen Materialien als Adsorbent, Katalysator oder Wirtsmaterial 76, 83, 85, 104, 133, 
175, 176
. Zu Beginn der vorliegenden Arbeit sind verschiedene Versuche, Katalysatoren 
durch Ionenaustausch nach einem ähnlichen Verfahren zu synthetisieren wie Kim et al. 
70, 163, 173 berichtete, fehlgeschlagen. Die synthetisierten Materialien haben einen starken 
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Verlust der strukturellen Eigenschaften gezeigt. Daher wurde beschlossen zu 
untersuchen, ob hier eine Reihe von möglichen Faktoren, wie das Lösungsmittel, die 
Behandlungszeit und die Temperatur, die Art des anorganischen Metallsalzes und 
seiner Konzentration, Einfluss auf die Struktur der mesoporösen Materialien haben. 
Diese Experimente haben zu der Optimalisierung der Bedingungen für die 
Heterogenisierung der metallorganischen Komplexe geführt. 
Als optimale Behandlung erwies sich die dreifache Ionentauschbehandlung mit 
verdünnten wässrigen Kobalt und Chrom-Nitrat Salzlösungen. Die Struktur des 
behandelten AlMCM-41 Materials überstand diese Behandlung mit einem geringen 
Verlust an Kristallinität, und es gab keinen Überschuss an Metallionen im Gitternetz 
des Trägers. 
Verschiedene, auf Kobalt und Chrom basierte, chiralen Übergangsmetall-Salen-
Komplexe wurden in nanoporösen Trägermaterialien, wie AlMCM-41, AlMCM-48 und 
AlSBA-15 immobilisiert, mittels der optimierten Ionentauschmethode 11, 163-165, 221, 222 
und Imprägnierung 133, 135, 223-225. Die neuartigen asymmetrischen Heterogen-
katalysatoren wurden mit zahlreichen Charakterisierungsmethoden analysiert und 
deren Eigenschaften mit denen der reinen Referenz Trägermaterialien verglichen. 
Die Elementaranalyse ergab, dass die Imprägnierung und Ionenaustausch-
Methoden zu höherer Menge an Kobalt-Ionen im Gitternetz führten, als von Kim et al. 
163 berichtet wurde; durch Ionenaustausch konnte 2 bis 10 mal und durch 
Imprägnierung 2 bis 4 mal mehr Kobalt im Trägersystem aufgenommen werden. 
Darüber hinaus konnten deutlich mehr Kobalt- als Chrom-Ionen in den Mesoporen 
aufgenommen werden. 
Dies konnte mit der Lewis Säure Charakter der Ionen und deren verschiedener 
Reaktivität erklärt werden. Der Chrom Ion ist nämlich reaktiver dann der Kobalt Ion, 
wodurch er in Staat ist auf der mesoporösen Oberfläche die Lewis Säure Zentren zu 
aktivieren und mit diesen stabile Polynukleare Komplexe zu bilden. Die Bildung dieser 
Polynukleare Komplexe verhindert die Überladung der mesoporösen Oberfläche mit 
Metallionen. Der Kobalt Ionen Überschuss verweist deswegen auf die Anwesendheit 
von Metallclusters, weil wegen deren niedrigeren Reaktivität nicht alle Kobalt Ionen in 
Polynukleare Komplexe gebunden werden konnten 231. 
Die Anwesenheit der metallorganischen Komplexe in den Poren der 
Trägermaterialien konnte durch mehrere Charakterisierungstechniken wie 
Stickstoffadsorption, Thermogravimetrische Analyse, FT-IR- und UV-Vis-
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Spektroskopie bestätigt werden. Der Säuregehalt der Trägermaterialien wurde mittels 
Pyr-FT-IR und Temperaturprogrammierter Desorption von Ammoniak (NH3-TPD) 
festgestellt. 
Die Ergebnisse ergaben, dass die Imprägnierung der effektivste Weg für den 
Einbau von metallorganischen Komplexen ist, u. a. weil sie wenig negative 
Auswirkungen auf den Strukturaufbau der Wirtsmaterialien zeigt. Unter den 
Wirtsmaterialien reagiert die 3D Struktur von AlMCM-48 am empfindlichsten auf die 
Immobilisierungsbehandlungen. 
Eine Korrelation wurde zwischen dem sauren Charakter des Wirtsmaterials und 
der Menge der metallorganischen Komplexe, die innerhalb der Mesoporen 
immobilisiert werden konnte, entdeckt. AlMCM-48 bewies einen stärkeren Brønsted 
Säurenkarakter, was die Imprägnierung einer höheren Menge organometallischer 
Komplexe ermöglicht im Gegensatz zu den mehr Lewis-Säure Zentren enthaltenden 
AlMCM-41 und AlSBA-15 Materialien. 
Die katalytische Aktivität der homogenen und immobilisierten 
metallorganischen Komplexe wurde in verschiedenen stereoselektiven 
Ringöffnungsreaktionen (ARO) getestet, sowie in (R1) Hydrolytisch Kinetische 
Racematspaltung (HKR) von Styroloxid 13, 14, (R2) Hydrolytisch Kinetische 
Racematspaltung (HKR) von Cyclohexanoxid mit Benzoesäure 69, (R3) Hydrolytisch 
Kinetische Racematspaltung von 1,2-Epoxyhexan mit Phenol 62 und (R4) Kinetische 
Racematspaltung von Cyclohexanoxid mit Azido-trimethylsilan 16, 52, 53. 
In der HKR von Styroloxid (R1) zeigte der homogene (S,S)-Co(II)-Salen Komplex 
die beste katalytische Aktivität mit 86 % Umsatz, 73 % Ausbeute, 63 % Selektivität und 
>99 % Enantiomerenüberschuss (Ee) von R-Styrolglykol. In der asymmetrischen 
Ringöffnungsreaktion (ARO) von Cyclohexanoxid mit Benzoesäure (R2) konnten über 
den homogenen (R,R)-Co(II)-Salen Komplex 98 % Umsatz, 98 % Ausbeute, 100 % 
Selektivität erzielt werden mit 74 % Ee von 1,2-Cyclohexandiol-Monobenzoat-Ester. In 
der KR von 1,2-Epoxyhexan (R3) konnten ebenfalls über den homogenen (S,S)-Co(II)-
Salen Komplex die beste katalytische Aktivität für 1-Phenoxy-2-Hexanol erzielt werden 
mit 58 % Umsatz, 18 % Ausbeute und 30 % Selektivität. In der KR von Cyclohexanoxid 
wurden die besten Ergebnisse mit dem Cr(III)Cl-Salen Komplex erhalten. Der Komplex 
konvertierte Cyclohexanoxid in 2-Azido-1-(Trimethylsiloxy)-Cyclohexan mit 98 % 
Umsatz, 90 % Ausbeute, 93 % Selektivität und 99 % Ee. Die hier erzielten Ergebnisse 
stimmen gut mit den Daten der Literaturreferenzen überein. 
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Interessanterweise zeigten Versuche mit den reinen und mit den 
ionengetauschten Trägermaterialien, auch sehr geringe, katalytische Aktivität, obwohl 
die sterische Lenkungskraft des Salen-Komplexes fehlt. Die katalytische Aktivität der 
puren und der ionengetauschten Trägermaterialien konnte mit den Säurenzentren des 
Trägers, dem Säurencharakter der Metall-Zentren, und deren mesoporösen Struktur 
erklärt werden. 
Die Zugänglichkeit der Säurezentren könnte optimal durch eine intakte 
mesoporöse Struktur beibehalten werden. AlMCM-41 und AlSBA-15 besitzen eine 2D 
hexagonale mesoporöse Struktur, jedoch haben die SBA Typ Materialien größeren 
Poren und eine stabilere Gitterstruktur. Die 3D Porenstruktur von AlMCM-48 fördert 
den erfolgreichen Katalyseprozess in Reaktionen, wie R2 und R4. Allerdings sollten die 
katalytischen Tests bezüglich auf die Ergebnisse des puren und Metallionen 
beinhaltenden Trägers wiederholt werden um diese Theorie bestätigen zu können. 
In der HKR von Styroloxid mit Wasser (R1) zeigte der auf (R,R)-Cr(III)Cl-Salen 
basierte, mittels Imprägnierung heterogenisierte AlSBA15C die beste katalytische 
Aktivität mit 85 % Umsatz, 58 % Selektivität und 19 % Ee für S-Styrolglykol. Der 
CoNaAlMCM48Li zeigte die beste Aktivität unter den auf (S,S)-Co-Salen Komplex 
basierten, aber mittels Ionentausch synthetisierten Katalysatoren mit 84 % Umsatz, 35 
% Ausbeute, 42 % Selektivität und 37 % Ee. 
In der HKR von Cyclohexanoxid mit Benzoesäure (R2) haben auf den AlMCM-
48 basierten Katalysatoren die besten katalytischen Werten erzielt. Über den (R,R)-
Co(III)OAc-Salen Komplex enthaltenden NaAlMCM48A konnte das Cyclohexanoxid 
mit 86 % Umsatz und 54 % Selektivität umgesetzt werden in 1,2-Cyclohexandiol-
Monobenzoat-Ester mit 65 % Ee. Der durch Ionentausch synthetisierte 
CoNaAlMCM48Li erzielte 32 % Umsatz, 27 % Selektivität und 24 % Ee. 
In der KR von 1,2-Epoxyhexan mit Phenol (R3) haben den meisten 
heterogenisierten Katalysatoren keine katalytische Aktivität 1-Phenoxy-2-Hexanol 
gezeigt. Über den auf (S,S)-Co-Salen Komplex basierte, mittels Impragnierung 
hergestellte HAlMCM41B konnte 46 % Umsatz und 17 % Selektivität, über 
NAAlMCM48B 43 % Umsatz und 10 % Selektivität erzielt werden. 
In der KR von Cyclohexanoxid mit Azido-trimethylsilan (R4) haben die besten 
Ergebnissen wie erwartet die auf (R,R)-Cr(III)Cl-Salen Komplex basierten, mittels 
Imprägnierung heterogenisierten Katalysatoren erzielt. Über NaAlMCM48C konnte der 
Cyclohexanoxid mit 96 % Umsatz, 43 % Ausbeute und 45 % Selektivität in 2-Azido-1-
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(Trimethylsiloxy)-Cyclohexan mit 56 % Ee umgesetzt werden. Der mit Ionentausch 
synthetisierte, auf (R,R)-Co-Salen Komplex basierte CoAlSBA15Li produzierte 2-Azido-
1-(Trimethylsiloxy)-Cyclohexan mit 93 % Umsatz, 9 % Selektivität und 10 % Ee. 
Im Allgemeinen zeigten die mittels Imprägnierung heterogenisierten 
Katalysatoren die beste katalytische Aktivität. Diese Behandlung verursachte keine 
signifikanten strukturellen Schäden in den Materialien, im Gegensatz zu der 
Ionentauschmethode. Die durch die Ionentauschmethode heterogenisierten 
Katalysatoren zeigten hingegen exzellente ee s, die höchstwahrscheinlich durch die 
optimale Besetzung und bessere Verteilung der Metallionen im Gitternetz der 
Wirtsmaterialien verursacht werden. In den meisten Reaktionen sind die Effizienz und 
die Selektivität vergleichbar mit den homogenen Katalysatoren. Trotz der positiven 
Ergebnisse zeigt es sich deutlich, dass die katalytische Leistung der Übergangsmetall-
Salen-Komplexe an der Immobilisierung einbüssen musste. 
Mehrere einschränkende Faktoren könnten darin eine Rolle gespielt haben, wie 
die abschirmende Wirkung des Trägermaterials, unzugängliche Säurezentren, durch 
Metallcluster teilweise verstopften Poren, eine schlechte Verteilung der Metallionen 
und Übertragung der Reagenzien zu den aktiven Zentren. Ein eindeutiger 
Zusammenhang konnte zwischen dem Säurenkarakter des mesoporösen Trägers und 
der katalytischen Leistung des heterogenisierten Komplexes entdeckt werden. Die 
Theorie des Metall-Säure bifunktionellen Mechanismus konnte über alle Materialien in 
allen Reaktionen bestätigt werden, mit Ausnahme von R3. 
Schließlich wurden die Wiederverwendbarkeit und das Auslaugungsverhalten 
der heterogenisierten Materialien untersucht. Die Ergebnisse des Heißfiltration Testes 
zeigten das Ausbluten der metallorganischen Komponente, was auf einen homogenen 
statt heterogenen Katalyseprozess im Reaktionsmedium hinweist. Die Auslaugung 
wurde auch durch Elementaranalyse bestätigt. 
Alle Materialien verloren Metallionen während der Experimente, ganz besonders 
die mittels Ionentausch synthetisierte Katalysatoren. Nachdem Heißfiltration Test 
erhielten diese Katalysatoren keine Metallionen mehr. Die Wiederverwendbarkeitstests 
zeigten, dass alle heterogenisierten Katalysatoren bei der wiederholten Einsetzung 
einen gewissen Aktivitäts- und Selektivitätsverlust erlitten, ganz besonders die auf 
Co(II)-Salen Komplex basierte Materialien. Die beste Wiederverwendbarkeit haben die 
auf Cr(III)Cl-Salen Komplex basierte Katalysatoren gezeigt. 
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Eine Wäsche der verwendeten Katalysatoren vor dem Recyclingtest und 
Heißfiltration Test zeigten, dass sowohl Substrat als auch Produkt in den Materialien 
verschlossen waren. Dies bedeutet, dass eine höhere katalytische Leistung erzielt 
werden konnte, als die Ergebnisse tatsächlich nachwiesen. Es hat in den Reaktionen 
sehr wahrscheinlich sowohl homogener, als auch heterogene Katalyse stattgefunden. 
Weitere Untersuchung ausgehend von dieser Arbeit könnte eine weitere 
Optimierung beider Immobilisierungsverfahren, sowie Imprägnierung als auch 
Ionentausch, sein um Überladung und Ausblutung der organometallischen Komplexe 
zu minimalisieren. Die durch Ionenaustausch hergestellten Heterogenkatalysatoren 
zeigten oft ausgezeichnete katalytische Aktivität, vor allem hinsichtlich der 
Enantioselektivität. Die imprägnierte organometallische Komplexe zeigten hingegen 
sehr hohe katalytische Aktivität. Durch Optimierung des Protonierungsverfahrens von 
M41S Art Materialien könnten möglicherweise Struktur zerstörende Faktoren 
eliminiert, und eine gut ausgewogene Säurestruktur aufgebaut werden. Eine stabile 
Struktur mit einem ausgewogenen Säurencharakter ist sehr wichtig für die 
Immobilisierung von metallorganischen Komplexen und ihre katalytischen 
Eigenschaften. Diese Vielzahl von Faktoren macht nämlich das Metall-Säure 
bifunktionellen Mechanismus möglich, das die katalytische Aktivität der 
immobilisierten Komplexen positiv beeinflusst. 
Mehr katalytische Tests sind nötig, um die katalytische Aktivität der reinen und 
ionengetauschten Trägermaterialien zu untersuchen, bezüglich auf Racemisierung des 
Ausgangsmaterials und die Herstellung von Produkten mit Enantiomerenüberschuss. 
Weiterführende Forschung könnte den Grund der geringen katalytischen Leistung der 
Katalysatoren in Reaktion 3, ARO von 1,2 Epoxyhexan mit Phenol, untersuchen. 
Schließlich könnten weitere Immobilisierungsmethoden, auf anderen mesoporösen 
Trägermaterialien untersucht und entwickelt werden, um das Ausbluten der 
metallorganischen Komplexe zu verhindern. 
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Experimental   
E.1 Catalyst preparation  
Unless indicated otherwise, all chemicals were obtained from commercial 
sources and were used without further purification. The denotation of the various 
catalysts and materials used in this thesis are presented in Table E.1 (vide infra).  
E.1.1 Preparation of Jacobsen s ligand 42  
Here, the synthesis of only one enantiomeric form of the homogeneous ligand 
and various catalysts is described. The other enantiomer can easily be synthesised 
under the same conditions using the mirror form of the corresponding enantiomeric 
compound. Scheme E.1 shows the corresponding synthesis steps.  
Step (1): resolution of cis/trans-diaminocyclohexane 
A 1 l beaker equipped with an overhead stirrer was charged with L-(+)-tartaric 
acid (150 g, 0 .99 mol) and distilled water (400 ml). The mixture was stirred at room 
temperature (RT) until complete dissolution, at which point a mixture of cis- and trans-
1,2-diaminocyclohexane (240 ml, 1.94 mol) was added at a rate such that the reaction 
temperature just reached 70 °C. To the resulting solution, glacial acetic acid (100 ml, 
1.75 mol) was added at a rate such that the reaction temperature just reached 90 °C. A 
white precipitate formed immediately upon addition of the acid, and the slurry was 
vigorously stirred during which it was cooled down to RT over 2 h. Subsequently, the 
mixture was cooled to  5 °C in an ice bath for 2 h, after which the precipitate was 
collected by vacuum filtration. The wet cake was washed with 5 °C water (100 ml) and 
then rinsed with methanol (5 x 100 ml). The solid was dried by drawing air through the 
filter cake for 1 h and was found to be bis-m-toluoyl amide. The product was then dried 
at 40 °C under reduced pressure, yielding the (R,R)-1,2-diammoniumcyclohexane 
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mono-(+)-tartrate salt as a white solid (160 g, 99 % yield) in a  99 % enantiomeric 
excess with an elemental composition of: C: 44.96 %; H: 7.32 %; N: 10.53 %. 
Scheme E.1  
Step (2): synthesis of 3,5-di-tert-butyl-2-hydroxy-benzaldehyde 
Under mechanical stirring 2,4-di-tert-butylphenol (125 g, 0 .61 mol), 
hexamethylenetetramine (HMT, 170 g, 1.21 mol) and glacial acetic acid (300 ml) were 
added to a 2 l three-necked round-bottom flask. The homogeneous mixture was heated 
to 130 °C over a period of 60 min, which temperature was maintained for 2 h (± 5 °C). 
The mixture was cooled to 75 °C, after which 300 ml of a 33 wt % aqueous H2SO4 was 
added. The stirred mixture was heated to reflux (105-110°C) for 60 min. Then it was 
allowed to cool down to 75 °C. Subsequently, it was transferred to a separation funnel 
preheated to 75 °C using electrical heating tape. The phases were allowed to separate 
for 30 min at this temperature before the lower aqueous layer was removed. The 
organic layer was transferred to an Erlenmeyer flask and allowed to cool down to 50 °C 
before 100 ml methanol was added. The crude product crystallized from this mixture 
upon external cooling to 5 °C, after which it was collected by vacuum filtration. 
(R, R)-1,2-diammonium cyclohexane 
mono-(+)- tar trate salt
(3)
3,5-di- ter t -butyl-2-hydroxy benzaldehyde2,4-di- ter t -butylphenol HMT
L-(+)- tar tar ic acid
Jacobsen's ligand
H2O/ HOAc
90°C 5 °C
*
(1) CH3CO2H or
   CF3CO2H, 
(2) H3O+, 
*
2 eq K2CO3
H2O/ EtOH, 80 °C
cis/ t rans-diaminocyclohexane
(1)
(2)
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Recrystallisation from methanol (1:1 w/ v) afforded the desired compound as a free-
flowing yellow solid (56-71 g, 40-50 % yield) in 98 % purity, with a melting point of 57 
°C. 
1H-NMR (300 MHz, CDCl3): [ppm] = 11.65 (s, 1H); 9.87 (s, 1H); 7.59 (d, 1H, J = 2.7 
Hz); 7.35 (d, 1H, J = 2.7 Hz); 1.43 (s, 9H); 1.33 (s, 9H). 
13C-NMR (75 MHz, CDCl3): [ppm] = 197.3; 159.1; 141.6; 137.6; 131.9; 127.9; 120 .0 ; 
35.0; 34.3; 31.3; 29.3.  
Step (3): Preparation of Jacobsen s (salen) ligand [(R,R)-(-)-N,N -Bis (3,5-di-tert-
butyl-salicylidene)-1,2-cyclohexanediamine] 
A 2 l three-necked flask equipped with a mechanical stirrer, a reflux condenser 
and a funnel was charged with the (R,R)-1,2-diammoniumcyclohexane mono-(+)-
tartrate salt obtained from step (1) (29,7 g, 0 .112 mol), K2CO3 (31.2 g, 0 .225 mol), and 
distilled water (150 ml). The mixture was stirred until dissolution, after which 600 ml 
ethanol was added. The resulting cloudy mixture was heated to reflux (75-80°C) and a 
solution of 3,5-di-tert-butyl-2-hydroxy benzaldehyde in ethanol (53.7 g, 0 .225 mol in 
250 ml) obtained from step (2) was added over 30 min. The funnel was rinsed with 
ethanol (50 ml) and the yellow slurry was stirred at reflux for 2 h before heating was 
discontinued. Water (150 ml) was added and the stirred mixture was cooled down to  
5 °C over 2 h, which temperature was maintained for 1 hour. The product was collected 
by vacuum filtration and washed with 100 ml ethanol. The crude solid was dissolved in 
CH2Cl2 (500 ml) and washed with water (2 x 300 ml) and brine (100 ml). After drying 
over Na2SO4 the solvent was removed under vacuum, and the (R,R)-J acobsen s ligand 
was isolated as a yellow powder (58.2-60.6 g, 95-99 % yield). 
The thus obtained material revealed typical IR bands at: 2962 cm-1, 2908 cm-1, 
2896 cm-1, 1630 cm-1, 1469 cm-1, 1439 cm-1, 1391 cm-1, 1361 cm-1, with a melting point of 
205 °C, a decomposition temperature of 321 °C and a composition of: C: 79.47 %; H: 
10.23 %; N: 5.14 %, which is in good agreement with literature 1. 
1H-NMR (300 MHz, CDCl3): [ppm] = 13.74 (s, 2H); 8.34 (s, 2H); 7.33 (d, 2H, J = 2.7 
Hz); 7.02 (d, 2H, J = 2.7 Hz); 3.37 (m, 2H); 1.96 (m, 4H); 1.79 (m, 4H); 1.45 (s, 18H); 
1.27 (s, 18H). 
13C-NMR (75 MHz, CDCl3): [ppm] = 165.83; 158.03; 139.90 ; 136.36; 126.74; 126.05; 
117.88; 72.44; 34.98; 34.06; 33.29; 31.44; 29.45; 24.38.  
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E.1.2 Preparation of (R,R)-Co(II)-Jacobsen s catalyst denoted Co(II)-salen complex 
10, 69  
A 100 ml Schlenk flask equipped with a mechanical stirrer, a reflux condenser, 
and a funnel was charged with a solution of 0 .39 g (1.5 mmol) Co(acac)2*4x H2O or 
Co(NO3)2*6x H2O in 20 ml CH2Cl2 under N2, which was heated to reflux. A solution of 
0 .82 g (1.5 mmol) (R,R)-J acobsen ligand and 10 ml CH2Cl2 was added slowly to the hot 
mixture, which was stirred for a further 2 h at the same temperature (see Scheme E.2). 
The mixture was then cooled to RT, after which the product was collected by vacuum 
filtration and stored under an inert atmosphere. The various homogeneous chiral Co(II) 
salen complexes and the prepared solid samples exhibited a dark red-brown colour. The 
materials exhibited typical IR bands at 2962 cm-1, 2908 cm-1, 2896 cm-1, 1630 cm-1, 
1525 cm-1, 1385 cm-1, 1320 cm-1, with a melting point of 200 °C, a decomposition 
temperature of 302 °C, and a composition of: C: 56.40 %; H: 7.98 %; N: 6.32 %. 
Scheme E.2  
E.1.3 Preparation of (R,R)-Co(III)OAc-Jacobsen s catalyst denoted Co(III)OAc-salen 
complex 13  
A mixture of (R,R)-Co(II)-J acobsen s complex (1.208 g, 2.0 mmol), toluene (10 
ml) and acetic acid (0 .23 ml, 4.0 mmol) was stirred for 1 h at RT. The solvent was 
removed by rotary evaporation and the brown residue was dried under vacuum. The 
obtained brown solid was used without any further purification. This compound (see 
Scheme E.3) exhibited typical IR bands at 2962 cm-1, 2908 cm-1, 2896 cm-1, 1630 cm-1, 
1560 cm-1, 1414 cm-1, 1385 cm-1 and 1320 cm-1, its melting point was 125 °C, its 
decomposition temperature 324 °C and its composition: C: 59.47 %; H: 7.40 %; N: 5.14 
%. 
Co(CH3 COO)2 *4x H2 O or
Co(NO3 )2 * 6x H2 O
CH2 Cl2  or EtOH, 2h 
n-pentane
t-Bu
t-Bu
N N
O O
Co
t-Bu
t-But-Bu
t-Bu
N N
OH
t-Bu
OH t-Bu
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Scheme E.3  
E.1.4 Preparation of (R,R)-Cr(III)Cl-Jacobsen s catalyst denoted Cr(III)Cl-salen 
complex 16  
Under a nitrogen atmosphere, 0 .309 g (2.52 mmol) of CrCl2 (anhydrous, 99.9 %) 
was added to R,R-J acobsen s ligand (1.25 g, 2.29 mmol) dissolved in dry degassed THF 
(45 ml). The resulting dark brown solution was first stirred under N2 for 3 h and then 
under air for an additional 3 h. Subsequently, the solution was diluted with 250 ml of 
TBME and washed with a saturated NH4Cl solution (3 x 150 ml) and brine (3 x 150 ml). 
The organic phase was dried over Na2SO4 and solvent was removed under reduced 
pressure, yielding 1.41 g (87 % yield) of the R,R-Cr(III)Cl-J acobsen s complex (see 
Scheme E.4) as a brown solid, which was > 98 % pure as determined by HPLC 
(octadecyl reverse phase, 100 % CH3CN). 
Scheme E.4  
The thus obtained material was used in various ring-opening reactions without 
further purification. Recrystallisation from acetonitrile provided high quality orange 
brown crystals with 63 % recovery. The desired product could be re-crystallised from a 
CH2Cl2-hexane mixture as a green solid (yield 70 %). 
This material exhibited typical IR bands at 2962 cm-1, 2908 cm-1, 2896 cm-1, 1615 
cm-1, 1535 cm-1, 1434 cm-1, 1385 cm-1 and 1320 cm-1, with a melting point of 125 °C, a 
t-Bu
t-Bu
O
Co
O
N N
t-Bu
OAc
t-Bu
t-Bu
t-Bu
N N
O O
Cr
Cl
t-Bu
t-Bu
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decomposition temperature of 329 °C and a composition of: C: 66.66 %; H: 8.83 %; N: 
3.83 %.  
E.1.5 Preparation of AlMCM-41 79a, 150, 232  
In a 250 ml round bottom flask, 10 .5 g Tetraethyl Ammonium Hydroxide 
(TEAOH, 40 wt % aqueous), 0 .21 g NaAlO2 and 30 .6 g H2O were stirred at RT for 1 h, 
followed by the addition of 10 g tetradecyl trimethyl ammonium bromide, which 
mixture was stirred for another 4 h. Then, 15.23 g colloidal silica Ludox HS-40 was 
added drop wise over a period of 1 h, followed by vigorous stirring at ambient 
temperature for 4 h. The gel composition was NaAlO2 : 40 SiO2 : 11.6 TDTMABr : 800 
H2O. Subsequently, hydrothermal crystallisation took place at 110°C for 7 days. The pH 
(10 .5) of the mixture was adjusted every two days with a 10 wt% acetic acid solution. 
After cooling down to RT, the resulting solid product was recovered by filtration, 
washing and drying at RT. 
The organic template was removed by calcination in a shallow bed reactor using 
the following procedure: RT-120 °C, heating rate 1 °C/min under N2 (ca. 10 l/h); 120 °C 
for 3 h in N2 (ca. 10 l/ h); 120-540 °C under N2, 1 °C/ min, followed by synthetic air (ca. 
10 l/h), isothermal for 12 h.  
E.1.6 Preparation of AlMCM-48 84f  
21.3 g tetraethylortosilicate (TEOS) was added to a solution of 14.9 g 
C16H33Me3NBr (CTAB) and 2.48 g of NaOH dissolved in 180 .2 g H2O, which solution 
was temperature equilibrated at 36 ± 1 °C. After 5 min stirring in a 500 ml beaker at 
500 rpm 1.1 g Al2(SO4)3*18x H2O was added, which mixture was stirred for another 55 
min. The resulting gel was heated without stirring for 72 h at 100 °C in a Teflon lined 
flask. After cooling to RT the solid product was recovered by filtration, washed 
extensively with distilled water and dried at RT. Finally, the product was calcined at 
540 °C (heating rate 10 °C/ min) for 1 h under flowing N2, followed by 6 h under air 
(flow rates ~ 100 ml/min).  
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E.1.7 Preparation of the H+-form of AlMCM-41 and AlMCM-48 232  
The (as synthesised and calcined) Na+-form of these materials was ion 
exchanged three times with an aqueous solution of NH4NO3 (0 .1 M) with a liquid/ solid 
ratio of 10 at 80 °C and continuous stirring for 3 h. Washing with distilled water 
followed each treatment until no NO3- ions were present in the solution anymore, which 
was checked by conductivity measurements. After this ion exchange procedure, the 
materials were dried at 120 °C overnight. Afterwards the H+-form was obtained by the 
removal of ammonia in a calcination step using the same conditions as used for the 
removal of the template.  
E.1.8 Preparation and alumination of SBA-15 86, 109  
20 g of the amphiphilic triblock copolymer poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) (average molecular weight 5800 , 
Aldrich) was dispersed in 150 g of water, after which 600 g of a 2 M HCl solution was 
added while stirring, followed by the addition of 42 g of tetraethyl orthosilicate to the 
homogeneous solution. This gel mixture was continuously stirred at 40 °C for 6 h, after 
which hydrothermal crystallisation took place in a Teflon-lined autoclave at 90 °C for 3 
days. The solid product was filtered, washed with deionised water, and dried in air at 
RT. This all-silica material was calcined in static air at 550 °C for 24 h (heating rate 
1°C/min) to decompose the triblock copolymer and obtain a white powder (SBA-15) 86. 
This white powder was used as parent material for the aluminium-containing 
material denoted AlSBA-15. 10 g all-silica SBA-15 was dispersed in 250 ml of dry 
hexane containing 0 .85 g (4.1 mmol Al) aluminium iso-propoxide. The resulting 
mixture was stirred at RT for 24 h, after which the powder was filtered, washed with dry 
hexane and dried at 120 °C in air. This solid was then calcined in static air at 550 °C for 
6 h (heating rate 1°C/min) 109.  
E.1.9 Treatment of AlMCM-41 with different solvents  
To investigate the influence of various solvents on the stability of AlMCM-41 
(Chapter 3) this material was respectively treated with H2O, EtOH, MeOH, CH2Cl2 and 
toluene. Typically, 0 .2 g AlMCM-41 was treated with 10 ml of the solvent at RT, 50 °C 
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and 75 °C for 1, 6, 18, 24, 48 and 72 h. At 75 °C only H2O, EtOH and MeOH were used. 
Subsequently, the samples were calcined in static air at 550 °C for 8 h (heating rate of 
1°C/min).  
E.1.10 Ion exchange of AlMCM-41 with different metal containing solutions  
To investigate the influence of the ion exchange conditions on the metal content 
and the stability of AlMCM-41 (Chapter 3) this material was treated with various metal 
salt containing solutions in H2O and EtOH. The metal salts used were Co(acac)2*4x 
H2O, Co(NO3)2*6x H2O and Cr(NO3)3*9x H2O, which were dissolved in H2O or EtOH in 
concentrations of 0 .025 M, 0 .05 M, 0 .1 M and 0 .2 M. The H+-AlMCM-41 samples (0 .3 
g) were treated in 10 ml of the metal salt containing solution at RT for 2, 6, 18, 24, 2 x 
24, 3 x 24, 48 and 72 h. Finally; the samples were calcined in static air at 550 °C for 8 h 
(heating rate of 1 °C/min).  
E.1.11 Immobilisation of metal salen complexes by ion exchange 152, 163, 64, 166.  
Step 1: Preparation of metal ion containing mesoporous materials 
The procedure proposed by Piaggio et al. 152 was followed with modifications. 1 g 
of calcined and dry mesoporous carrier material was stirred (500 rpm) in 33.5 ml EtOH 
containing 0 .2 M of the metal salt Co(acac)2*4x H2O, Co(NO3)2*6x H2O or Cr(NO3)3*9x 
H2O at RT for 24 h. The powder sample was then filtered, washed with ethanol, dried 
and then stirred again in a fresh metal salt solution for another 24 h. This process was 
repeated twice, after which the material was filtered, washed with ethanol, dried and 
subsequently calcined in static air at 450 °C for 4 h (heating rate 1 °C/ min). These 
materials were used for blank activity tests, or for the immobilisation of J acobsen s 
catalyst in a second step.  
Step 2: Im m obilisation of Jacobsen s ligand into m etal ion containing m esoporous 
samples 
The concentration of J acobsen s ligand in solution was dependent on the metal 
ion content of the by ion exchange prepared carrier materials, which was determined by 
ICP-AES, to obtain a metal ion-J acobsen s ligand ratio of 1:1. Typically, ca. 1 g of the 
calcined metal ion containing material was treated with J acobsen s ligand dissolved in 
Experimental 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯  
-
 
187 -
10 ml toluene for 24 h at RT. The sample was filtered, washed with ethanol and Soxhlet 
extracted with CH2Cl2 for 24 h until the washing solvent remained colourless. Finally, 
the samples were dried at 130 °C for 6 h.  
E.1.12 Im m obilisation of Co(II), Co(III) and Cr(III) containing Jacobsen com plexes 
into mesoporous materials by impregnation 161, 163  
The procedure by Kim et al. 163 was followed with modifications. 1 g of the carrier 
material was treated with 14 ml of a 0 .11 M toluene solution of the corresponding 
Co(II)-, Co(III)OAc- or Cr(III)Cl-J acobsen s complexes for 24 h at RT. The samples 
were filtered, washed with ethanol, dried, Soxhlet extracted using CH2Cl2 for 24 h and 
finally dried at 130 °C for 6 h.  
Soxhlet extraction 
To avoid a release of the homogeneous catalyst from the carrier the loaded 
samples were leached by repeated treatment with CH2Cl2 until the extracting solvent 
remained colourless. Additionally, the absence of the complex in the solvent was 
checked by UV-Vis. Thus, it is assured that the catalyst was completely located inside 
the mesoporous material and not on the external surface or in the solution.  
Table E1 List of the various carriers and catalytic materials and their denotations used 
in this thesis.  
Homogeneous compounds 
J acobsen s ligand (R,R)-(-) or (S,S)-(+)-N,N -Bis(3,5-di-tert-butyl-
salicylidene)-1,2-cyclohexanediamine 42 
Co(II) J acobsen s 
complex 
(R,R)-(-) or (S,S)-(+)-N,N -Bis(3,5-di-tert-butyl-
salicylidene)-1,2-cyclohexanediamine cobalt (II) 10, 69 
Co(III)OAc J acobsen s 
complex 
(R,R)-(-) or (S,S)-(+)-N,N -Bis(3,5-di-tert-butyl-
salicylidene)-1,2-cyclohexanediamine cobalt (III) acetate 13 
Cr(III)Cl J acobsen s 
complex 
(R,R)-(-) or (S,S)-(+)-N,N -Bis(3,5-di-tert-butyl-
salicylidene)-1,2-cyclohexanediamine chromium (III) 
chloride 16 
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Table E.1 Continued.  
Heterogenised support materials 
(Na+)AlMCM-41 Support material obtained according to 79a, 150 
H+AlMCM-41 Support material obtained according to 232 
MCM-48 Support material obtained according to 84a 
(Na+)AlMCM-48 Support material obtained according to 84f 
H+AlMCM-48 Support material obtained according to 232 
SBA-15 Support material obtained according to 86 
AlSBA-15 Support material obtained according to 109 
Table E.1 Continued.  
Metal ion containing support materials 
CoNaAlMCM41 (Na+)AlMCM-41 support material obtained according to 79a, 150 ion-exchanged with Co(NO3)2*6x H2O 
CoHAlMCM41 H
+AlMCM-41 support material obtained according to 79a, 150, 
232 ion-exchanged with Co(NO3)2*6x H2O 
CoNaAlMCM48 (Na+)AlMCM-48 support material obtained according to 84f ion-exchanged with Co(NO3)2*6x H2O 
CoHAlMCM48 H
+AlMCM-48 support material obtained according to 84f, 232 
ion-exchanged with Co(NO3)2*6x H2O 
CoAlSBA15 
AlSBA-15 support material obtained according to 86, 109 ion-
exchanged with Co(NO3)2*6xH2O. One sample was ion 
exchanged with Co(acac)2*4x H2O. 
CrNaAlMCM41 (Na+)AlMCM-41 support material obtained according to 79a, 150 ion-exchanged with Cr(NO3)3*9x H2O 
CrHAlMCM41 H
+AlMCM-41 support material obtained according to 79a, 150, 
232 ion-exchanged with Cr(NO3)3*9x H2O 
CrNaAlMCM48 (Na+)AlMCM-48 support material obtained according to 84f ion-exchanged with Cr(NO3)3*9x H2O 
CrHAlMCM48 H
+AlMCM-48 support material obtained according to 84f, 232 
ion-exchanged with Cr(NO3)3*9x H2O 
CrAlSBA15 AlSBA-15 support material obtained according to 
86, 109 ion-
exchanged with Cr(NO3)3*9x H2O 
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Table E.1 Continued.  
Heterogenised catalysts synthesised by ion exchange
CoHAlMCM41Li 
H+AlMCM-41 support material obtained according to 79a, 150, 
232 ion-exchanged with Co(NO3)2*6x H2O salt and 
subsequently treated with (S,S)-J acobsen s ligand 
CoNaAlMCM48Li 
(Na+)AlMCM-48 support material obtained according to 84f 
ion-exchanged with Co(NO3)2*6x H2O salt and subsequently 
treated with (S,S)-J acobsen s ligand 
CoAlSBA15Li 
AlSBA-15 support material obtained according to 86, 109 ion-
exchanged with Co(NO3)2*6x H2O salt and subsequently 
treated with (S,S)-J acobsen s ligand 
Table E.1 Continued.  
Heterogenised catalysts synthesised by 
impregnation 
NaAlMCM41B (Na+)AlMCM-41 support material obtained according to 79a, 150 impregnated with (S,S)-Co(II) J acobsen s complex 
HAlMCM41B H
+AlMCM-41 support material obtained according to 79a, 150 
232 impregnated with (S,S)-Co(II) J acobsen s complex 
NaAlMCM48B (Na+)AlMCM-48 support material obtained according to 84f impregnated with (S,S)-Co(II) J acobsen s complex 
AlSBA15B AlSBA-15 support material obtained according to 
86, 109 
impregnated with (S,S)-Co(II) J acobsen s complex 
NaAlMCM41A (Na+)AlMCM-41 support material obtained according to 79a, 150 impregnated with (S,S)-Co(III)OAc J acobsen s complex 
HAlMCM41A H
+AlMCM-41 support material obtained according to 79a, 150, 
232 impregnated with (S,S)-Co(III)OAc J acobsen s complex 
NaAlMCM48A (Na+)AlMCM-48 support material obtained according to 84f impregnated with (S,S)-Co(III)OAc J acobsen s complex 
AlSBA15A AlSBA-15 support material obtained according to 
86, 109 
impregnated with (S,S)-Co(III)OAc J acobsen s complex 
NaAlMCM41C (Na+)AlMCM-41 support material obtained according to 79a, 150 impregnated with (R,R)-Cr(III)Cl J acobsen s complex 
HAlMCM41C H
+AlMCM-41 support material obtained according to 79a, 150, 
232 impregnated with (R,R)-Cr(III)Cl J acobsen s complex 
NaAlMCM48C (Na+)AlMCM-48 support material obtained according to 84f impregnated with (R,R)-Cr(III)Cl J acobsen s complex 
AlSBA15C AlSBA-15 support material obtained according to 
86, 109 
impregnated with (R,R)-Cr(III)Cl J acobsen s complex 
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E.2 Characterisation  
E.2.1 Thermo gravimetric analysis  
The measurements were performed on a Netzsch 209/ 2/ E equipped with a STA 
409 Controller. The heating rate was 2 °C/min, using an Al2O3-crucible with - Al2O3 as 
reference material.  
E.2.2 ICP AES  
Wet chemical analysis was performed with Inductive Coupled Plasma Atomic 
Emission Spectroscopy (ICP AES) on a Spectroflame D (Spectro). Prior to the 
measurement the homogeneous organic complexes (ca. 30 mg) were dissolved in 10 ml 
concentrated HCl. This solution was diluted with deionised water to 50 ml and then 
filtered. The heterogenised samples (ca. 30 mg) were dissolved in 4 ml (1:4) H2SO4 and 
500 l 40 % HF. The thus obtained solution was diluted with deionised water to 50 ml 
and then filtered.  
E.2.3 FT-IR spectroscopy  
Infrared Fourier Transform spectroscopy was performed on a Nicolet Protégé 
460 using the KBr technique. 
Samples were pressed into self-supporting wafers and placed in a homemade IR 
cell on a Nicolet Protégé 460 . Prior to the measurement, the wafers were outgassed for 
18 h at 400 °C at 10 -1 Pa (2 °C/ min heating rate). The wafers were subsequently cooled 
to 150 °C at which temperature spectra were measured for analysis of the hydroxyl 
vibrations.  
E.2.4 UV-Vis spectroscopy  
Diffuse Reflectance UV-Vis spectra were collected on a Lambda 7 (Perkin Elmer). 
If necessary, samples were diluted with BaSO4, which was also used as the standard. 
The recording speed was 60 .0 nm/ min with a data interval of 1.0 nm and a slit width of 
4.0 nm. 
Experimental 
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E.2.5 X-ray diffraction  
X-ray powder diffraction patterns were collected on a Siemens Diffractometer D 
5000 , equipped with a secondary monochromator, a variable diaphragm V 20 and a 
nickel filter using CuK -radiation; the angular velocity was 1.2 °/min.  
E.2.6 Nitrogen sorption  
Physisorption of N2 was carried out at 77 K on a Micrometics ASAP 2010 . Prior 
to measurement the carrier samples were evacuated at 673 K and 10 -2 Pa for 12 h; the 
heterogenized catalysts were degassed at 373 K to prevent destruction of the organic 
compounds. The pore size distribution was calculated according to the Barrett, J oyner 
and Halenda equation (BJH) 200 and the microporosity according to Dubinin 200 at p/p0 
= 0.05.  
E.2.7 FT-IR using pyridine as a probe molecule  
Subsequently, for comparison of the amounts of Brønsted and Lewis acid sites 
pyridine adsorption was performed at 150 °C during 0 .5 h. Subsequently, the cell was 
evacuated at 150 °C and 10 1 Pa before a spectrum was taken. The temperature was 
subsequently increased stepwise with 50 °C (heating rate 5 °C/ min) to 400 °C; at each 
50 °C step a spectrum was measured.  
E.2.8 Temperature Programmed Desorption of ammonia  
NH3-TPD was performed on a Porotec TPDRO 1100 . 150 mg of sample was 
heated to 400 °C for 8 h under flowing helium (ca. 10 l/ min). Subsequently, the 
samples was saturated with ammonia at 100 °C for 15 min (2 l/ h), after which the 
material was allowed to equilibrate at 100 °C for 30 min, followed by evacuation under 
flowing helium (10 l/ min) for 3 h at 100 °C. After desorption measurements were 
carried out with a ramp of 10°/min up to 800 °C.  
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E.2.9 NMR  
13C- and 1H-NMR spectra were collected on a Varian VXR 300 Spectrometer at 
the Institute of Organic Chemistry, RWTH Aachen University.  
E.2.10 CHN analysis  
CHN elemental analysis was performed on a Heraeus CHNO-Rapid.   
E.3 Catalysis  
E.3.1 R1: Hydrolytic Kinetic Resolution of terminal epoxides with water 13, 75  
To a mixture of 10 mmol terminal epoxide and 0.05 mmol (R,R)- or (S,S)-(salen) 
Co complex 100 mg (0 .55 mmol) water was added slowly. Afterwards, the mixture was 
stirred at RT for 24 h. The optically active epoxide and diol were isolated from the 
reaction mixture by bulb-to-bulb distillation and subsequent flash chromatography of 
the distillate. 
In a 500 ml flask equipped with a temperature probe, a mechanical stirrer, a 
vacuum adapter and a dip tube was charged with 5.51 g (8.3 mmol) (S,S)-Co(II) 
J acobsen complex, 200 .0 g (1.66 mol) styrene oxide and 59.8 g (3.32 mol) water. A 
slight vacuum was applied to draw air into the reaction mixture through the dip tube 
while stirring. The flask was placed in a water bath and 2.83 g (0 .0166 mol) p-
nitrobenzoic acid was added. After stirring overnight at RT, the reaction mixture was a 
brown solution with suspended orange solids. 4.15 g (4.62 mol) ammonium hydroxide 
was added and the reaction mixture was stirred at RT for 1 h, resulting in a dark brown 
solution. The airflow through the reaction mixture was stopped and the reaction 
mixture was washed twice with water (200 ml). The organic layer was fractionally 
distilled to yield (S)-styrene oxide (67.86 g, 67.9 % yield, 99.6 % ee). The aqueous layer 
was treated with activated carbon and heated to a gentle boil. After cooling and 
filtration, the aqueous layer was concentrated to obtain (R)-styrene glycol ((R)-(-)-1-
phenyl-1,2-ethanediol C8H10O2 (95.25 g, 95.3 % yield, 93.9 % ee) with an elemental 
composition of: C: 69.12 %; H: 6.86 %; (N: 0.18 % as impurity). 
Experimental 
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Homogeneous catalytic experiments were performed using 0 .11 g metal salen 
complex, 3.42 ml styrene oxide, 1.1 ml H2O, 0 .06 g para-nitrobenzoic acid (PNA) and 
0.1 ml 28 % aqueous NH3 solution. 
Heterogeneous experiments were performed with 0 .20 g heterogenised metal 
salen complex, 3.42 ml styrene oxide, 1.1 ml H2O, 0 .06 g PNA and 0 .1 ml 28 % aqueous 
NH3 solution. 
Blanc experiments were performed with 0 .03 g J acobsen s ligand or 0 .10 g 
support material, 1.71 ml styrene oxide, 0 .55 ml H2O, 0 .03 g PNA and 0 .05 ml 28 % 
aqueous NH3 solution.  
E.3.2 R2: Hydrolytic Kinetic Resolution of meso-epoxides with carboxylic acids 69  
A solution of (S,S)-Co(II) J acobsen complex (0 .62 g, 1.0 mmol) and benzoic acid 
(13.4 g, 110 mmol) in 20 ml TBME was stirred under O2 for 30 min. Volatile materials 
were removed by evacuating. The flask was filled with nitrogen, after which i-Pr2NEt 
(14.21 g, 110 mmol) was added. Subsequently, the mixture was cooled to 4 °C under 
stirring. Cyclohexene oxide (9.82 g, 100 mmol) was added and the resulting dark brown 
solution was stirred at 4 °C for 48 h. The product mixture was diluted with ether (250 
ml), washed with 1 M aq. HCl (5 x 100 ml) and saturated aq. NaHCO3 (2 x 100 ml), 
dried over MgSO4, and filtered. The solution was concentrated under vacuum. The 
resulting (R,R)-1,2-cyclohexanediol monobenzoate ester [C13H16O3] solid was re-
crystallised 3 times from CH2Cl2/ heptane to afford the product as colourless crystals 
(17.4 g, 75 % yield, 98 % ee). The composition of the product (R,R)-1,2-cyclohexane diol 
monobenzoate ester was: C: 70.87 %; H: 7.42 %; (N: 0.01 % as impurity). 
Catalytic experiments were performed using 0 .20 g homogeneous or 
heterogenised metal salen complex, 4 g benzoic acid, 6 ml TBME, 5.75 ml i-Pr2NEt and 
3.1 ml cyclohexene oxide. 
Blanc reactions were performed with 0 .03 g homogeneous J acobsen s ligand or 
0 .10 g heterogeneous support, 2 g benzoic acid, 3 ml TBME, 2.90 ml i-Pr2NEt and 1.55 
ml cyclohexene oxide.  
Experimental 
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E.3.3 R3: Hydrolytic Kinetic Resolution of terminal epoxides with phenol 62  
A 10 ml flask was charged with 86 mg (0 .100 mmol) of (R,R)-Co(II)-Jacobsen 
complex and 100 mg of dry molecular sieve 3Å. 5.00 mmol epoxide and 2.25 mmol 
phenol were added at RT, after which 0 .15 ml of TBME was added. The mixture was 
stirred for 24 h, after which 75 mg (0 .3 mmol) pyridinium p-toluenesulfonate (PPTS) 
was added. Subsequently, the mixture was filtered through a silica pad and washed with 
1:1 EtOAc/ hexane. The filtrate was concentrated and purified by Kugelrohr distillation 
under reduced pressure. Unfortunately, isolation of the pure product was not 
successful. 
Homogeneous experiments were performed with 0 .001 mol metal salen 
complex, 1.27 g phenol, 0.9 ml TBME, 3.6 ml butyl oxirane and 0.45 g PPTS. 
Heterogeneous procedures were performed using 0 .16 g heterogenised metal 
salen complex, 1.27 g phenol, 0.9 ml TBME, 3.6 ml butyl oxirane and 0.45 g PPTS. 
Blanc procedures were performed with 0 .03 g homogeneous J acobsen s ligand or 
0 .10 g heterogeneous support material, 0 .79 g phenol, 0 .56 ml TBME, 2.25 ml butyl 
oxirane and 0.14 g PPTS.  
E.3.4 R4: Kinetic Resolution of meso-epoxides with TMSN3 16, 52  
A 10 ml flask cooled to 0 °C in an ice bath was charged with 64 mg (0 .10 mmol) 
of (R,R)-Cr(III)Cl-J acobsen catalyst followed by 5.00 mmol of epoxide. The mixture 
was stirred for 15 min, at which time TMSN3 (0 .33 ml, 2.5 mmol) was added. The 
resulting brown homogeneous solution was stirred for 24 h at 0-2 °C. Subsequently, the 
solution was concentrated in vacuum to remove the unreacted epoxide, and the residue 
was filtered through a 10 ml silica gel plug with 100 ml of a 5-20 % EtOAc/ hexane 
mixture. Finally, the azido silylether was isolated by vacuum distillation or flash 
chromatography. The elemental composition of the product (1S, 2S)-2-azido-1-
(trimethylsiloxy) cyclohexene was C: 50.0%; H: 9.05 %; N: 18.74 %.  
For isolation of the azido alcohol the product has to be disilylated prior to 
isolation. 
Homogeneous procedures were performed using 0.001 mol metal salen complex, 
3.1 ml cyclohexene oxide and 4.2 ml TMSN3 and 0.62 g dried 3Å molecular sieve. 
Experimental 
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The heterogeneous experiments were performed with 0 .15 g heterogenised metal 
salen complex, 0 .8 ml cyclohexene oxide, 1.08 ml TMSN3 and 0 .16 g 3Å molecular 
sieve. 
The blanc procedures were performed with 0 .03 g homogeneous J acobsen s 
ligand or 0 .10 g heterogeneous support material, 0 .53 ml cyclohexene oxide and 0 .72 
ml TMSN3 and 0.11 g 3Å molecular sieve.  
E.3.5 Hot filtration test / Leaching  
The test reaction was started with fresh catalyst. The catalyst was separated from 
the reaction mixture at half of the reaction time. The resulting clear solution was left to 
react further for the remaining regular reaction time. As test reactions the HKR of 
styrene oxide with water and KR of cyclohexene oxide with TMSN3 were used.  
The percent of leaching was estimated by comparing the conversions with 
(Leaching 1 or L1) and without catalyst (Leaching 2 or L2).  
Furthermore, the metal content of the catalyst was determined with ICP AES; the 
structural properties were controlled with XRD 
The HKR of styrene oxide was performed as described above with 0 .30 g cobalt 
containing heterogenised metal salen complex, 4.1 ml styrene oxide, 1.32 ml H2O, 0.072 
g PNA and 0.12 ml 28 % NH3 solution. 
The KR of cyclohexene oxide with TMSN3 was performed as described above 
using 0 .45 g chromium containing heterogenised metal salen complex, 2.4 ml 
cyclohexene oxide and 3.28 ml TMSN3 and 0.48 g 3Å molecular sieve.  
E.3.6 Regenerability and reusability of the catalysts  
The catalyst was used three times in the corresponding test reaction; after each 
reaction it was recovered by filtration, followed by a wash with ethanol. As test 
reactions the HKR of styrene oxide with water and the KR of cyclohexene oxide with 
TMSN3 were used. The once recycled catalyst was denoted with reuse 1 , the twice 
recycled with reuse 2 . 
Furthermore, the metal content of the catalyst was determined with ICP AES 
(denoted as leaching); the structural properties were controlled with XRD. 
Experimental 
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The HKR of styrene oxide was performed using 0 .30 g cobalt containing 
heterogenised metal salen complex, 4.1 ml styrene oxide, 1.32 ml H2O, 0.072 g PNA and 
0.12 ml 28 % NH3 solution. 
The KR of cyclohexene oxide with TMSN3 was performed as described above 
using 0 .45 g chromium containing heterogenised metal salen complex, 2.4 ml 
cyclohexene oxide and 3.28 ml TMSN3 and 0.48 g 3Å molecular sieve.  
E.3.7 Gas chromatography  
General GC used for all reaction mixtures 
Apparatus: Siemens 2 RGC 202 equipped with a ChromJet integrator. 
Column: 25 m FS-SE-54, CS 25290-8 
Temperature program: 50 °C, 6 min isothermal, 8 °C/min, 270 °C, 25 min isothermal 
Sample volume: 0 .3 l 
Carrier gas: N2 
Pressure: 0.8 bar 
Detector type: FID 
Detector temperature: 250 °C 
Detector gas: H2/air (40/450 ml/min) 
Injector temperature: 250 °C 
Total flow: 97.2 ml/min 
Split ratio: 1:30 
Split flow: 92.4 ml/min  
Chiral GC for the HKR of styrene oxide with water (R1) 
Apparatus: HP 6890 
Column: 50 m x 0.25 mm FS-Cyclodex  I/-P, CS 125207 
Temperature program: 60-140 °C, 4 min isothermal, 8 °C/ min; 140-200 °C, 4 min 
isothermal, 8 °C/min 
Sample volume: 1 l (autosampler) 
Carrier gas: N2 
Pressure: 1.2 bar 
Detector type: FID 
Detector temperature: 250 °C 
Experimental 
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Detector gas: H2/air (40/450 ml/min) 
Injector temperature: 250 °C 
Total flow: 90.2 ml/min 
Split ratio: 40.3:1 
Split flow: 82.6 ml/min  
Chiral GC for the HKR of cyclohexene oxide with benzoic acid (R2) 
Apparatus: HP 6890  
Column: 25 m x 0.25 mm Lipodex G, 723379 
Temperature program: 60-150 °C, 4 min isothermal, 8 °C/ min; 150-200 °C, 20 min 
isothermal, 8 °C/min 
Sample volume: 0.2 l (autosampler) 
Carrier gas: H2 
Pressure: 1.0 bar 
Detector type: FID 
Detector temperature: 250 °C 
Detector gas: H2/air (40/450 ml/min) 
Injector temperature: 250 °C 
Total flow: 90.2 ml/min 
Split ratio: 40.3:1 
Split flow: 82.6 ml/min  
Chiral GC for the HKR of 1,2-epoxyhexane oxide with phenol (R3) 
A chiral GC analysis for the KR of 1,2-epoxyhexane oxide with phenol (R3) could 
not be developed because the product is not commercially available. The separation of 
the product by Kugelrohr vacuum distillation as described by Ready et al. 62 was not 
successful.  
Chiral GC for the KR of cyclohexene oxide with TMSN3 (R4) 
Apparatus: HP 6890 
Column: 25 m x 0.25 mm Lipodex E, 20379132 
Temperature program: 50-190 °C, 3 min isothermal, 8 °C/min 
Sample volume: 0 .1 l (autosampler) 
Carrier gas: N2 
Experimental 
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Pressure: 1.0 bar 
Detector type: FID 
Detector temperature: 280 °C 
Detector gas: H2/air (40/450 ml/min) 
Injector temperature: 280 °C  
E.3.8 GC-MS  
All products were identified using mass spectroscopy on a Varian 3700 CX GC 
Varian Saturn 3 MAT 112S MS on a 30 m 0 .25 mm x 0 .25 m DB-5MS column, (Agilent 
122-5532), column temperature 50-270 °C, 6 min isotherm 50°C, 8 °C/ min heating 
rate; vaporiser temperature 270 °C, 25 min isothermal; He as carrier gas, 1 bar, using 
the NIST Target Spectrum software for compound identification.  
E.3.9 Calculation of conversion, yield, selectivity and enantiomeric excess  
The conversions, yields, selectivities and enantiomeric excess of the products on 
time t = t of the various catalytic experiments were calculated according to: 
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Appendix A   
Table A.1 Structural properties and Si/ Al ratio of with water treated AlMCM-41 support 
materials. 
temperature time relative crystallinity d100 a0 Si/Al 
[°C] [h] [%] [Å] [Å] [molar ratio]
Parent material 100 37.8 43.7 44 
1 46 36.6 42.2 45 
6 35 38.2 44.1 44 
18 25 39.0 45.1 46 
24 8 39.4 45.5 39 
48 31 41.0 47.3 46 
RT 
72 28 36.8 42.5 47 
1 6 38.6 44.6 48 
6 24 39.6 45.7 46 
18 31 41.0 47.4 46 
24 9 38.1 44.0 47 
48 14 42.7 49.3 47 
50 °C 
72 32 36.2 41.8 47 
1 8 40.4 46.6 47 
6 22 39.3 45.4 46 
18 4 41.9 48.4 47 
24 27 40.1 46.3 46 
48 9 39.2 45.2 46 
75 °C 
72 28 39.7 45.8 46 
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Table A.2 Structural properties and Si/Al ratio of with ethanol treated AlMCM-41 
support materials. 
temperature time relative crystallinity d100 a0 Si/Al 
[°C] [h] [%] [Å] [Å] [molar ratio]
Parent material 100 37.8 43.7 44 
1 36 38.0 43.9 46 
6 39 36.9 42.6 44 
18 23 42.8 49.4 44 
24 31 39.8 46.0 45 
48 29 40.8 47.1 46 
RT 
72 35 39.7 45.9 46 
1 23 41.9 48.4 48 
6 20 41.4 47.8 47 
18 40 38.0 43.9 47 
24 49 36.1 41.7 47 
48 16 41.2 47.6 48 
50 °C 
72 29 36.0 41.6 48 
1 13 40.3 46.5 46 
6 19 41.1 47.5 46 
18 13 40.4 46.7 46 
24 12 41.4 47.8 47 
48 13 40.5 46.7 47 
75 °C 
72 8 39.2 45.2 48 
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Table A.3 Structural properties and Si/ Al ratio of with methanol treated AlMCM-41 
support materials. 
temperature time relative crystallinity d100 a0 Si/Al 
[°C] [h] [%] [Å] [Å] [molar ratio]
Parent material 100 37.8 43.7 44 
1 35 36.9 42.6 46 
6 42 37.0 42.7 45 
18 37 39.7 45.8 45 
24 39 36.5 42.1 45 
48 33 41.1 47.5 47 
RT 
72 29 41.0 47.4 46 
1 20 40.4 46.6 47 
6 24 39.3 45.4 46 
18 36 37.6 43.5 47 
24 37 38.8 44.8 44 
48 14 40.5 46.8 46 
50 °C 
72 33 38.7 44.7 46 
1 25 38.0 43.9 45 
6 28 40.0 46.2 47 
18 15 40.6 46.9 47 
24 22 40.2 46.4 47 
48 15 41.7 48.2 47 
75 °C 
72 17 43.0 49.7 48 
Table A.4 Structural properties and Si/ Al ratio of with dichloromethane treated 
AlMCM-41 support materials. 
temperature time relative crystallinity d100 a0 Si/Al 
[°C] [h] [%] [Å] [Å] [molar ratio]
Parent material 100 37.8 43.7 44 
1 13 37.1 42.9 45 
6 40 37.0 42.8 41 
18 28 41.0 47.4 45 
24 25 40.4 46.6 44 
48 31 41.2 47.6 47 
RT 
72 24 39.0 45.0 48 
1 11 40.3 46.5 47 
6 12 39.5 45.6 46 
18 35 38.0 43.9 44 
24 42 36.6 42.3 46 
48 13 41.4 47.8 48 
50 °C 
72 46 37.5 43.3 48 
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Table A.5 Structural properties and Si/ Al ratio of with toluene treated AlMCM-41 
support materials. 
temperature time relative crystallinity d100 a0 Si/Al 
[°C] [h] [%] [Å] [Å] [molar ratio]
Parent material 100 37.8 43.7 44 
1 40 36.1 41.7 43 
6 41 37.7 43.5 45 
18 62 36.9 42.6 45 
24 30 42.1 48.6 46 
48 44 36.9 42.6 46 
RT 
72 25 41.3 47.7 47 
1 18 39.6 45.8 45 
6 21 40.8 47.1 46 
18 40 36.2 41.8 46 
24 33 37.5 43.3 46 
48 46 36.6 42.3 46 
50 °C 
72 36 37.5 43.3 46 
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Appendix B   
Table B.1 Structural properties and chemical composition of H+AlMCM-41 samples 
treated with aqueous Co(II) nitrate hexahydrate solution. 
time concentration rel. crystallinity d100 a0 Si/Al Co/Al 
[h] [M] [%] [Å] [Å] [molar ratio] [molar ratio]
Parent material 100 36.6 42.3 46 - 
2 106 38.1 44.0 55 0.45 
6 96 37.8 43.6 57 0.27 
18 82 36.3 42.0 54 0.59 
24 98 36.8 42.5 52 0.35 
2x24 115 34.6 40.0 51 0.37 
48 70 38.9 45.0 41 1.34 
3x24 46 34.0 39.2 41 1.03 
72 
0.2 
64 36.9 42.6 56 0.59 
2 121 38.0 43.8 54 0.52 
6 98 36.7 42.4 54 0.27 
18 95 37.1 42.9 53 0.38 
24 108 37.4 43.2 52 0.27 
2x24 91 34.4 39.7 51 0.35 
48 109 37.0 42.8 58 0.47 
3x24 63 34.1 39.3 35 0.65 
72 
0.1 
78 35.9 41.5 52 0.43 
2 108 37.4 43.2 54 0.34 
6 114 36.3 41.9 45 0.24 
18 111 36.8 42.4 54 0.26 
24 63 36.1 41.7 51 0.23 
2x24 146 34.5 39.8 51 0.35 
48 95 36.6 42.3 44 0.48 
3x24 63 34.5 39.8 35 0.43 
72 
0.05 
101 35.9 41.5 51 0.30 
2 83 37.7 43.5 56 0.20 
6 116 37.6 43.4 51 0.30 
18 116 36.9 42.6 53 0.23 
24 69 34.1 39.4 48 0.27 
2x24 141 34.8 40.2 37 0.25 
48 68 35.1 40.5 49 0.31 
3x24 100 34.0 39.3 39 0.33 
72 
0.025 
90 36.9 42.6 56 0.35 
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Table B.2 Structural properties and chemical composition of H+AlMCM-41 samples 
treated with on ethanol based Co(II) nitrate hexahydrate solution. 
time concentration rel. crystallinity d100 a0 Si/Al Co/Al 
[h] [M] [%] [Å] [Å] [molar ratio] [molar ratio]
Parent material 100 36.6 42.3 46 - 
2 84 39.7 45.8 51 0.34 
6 91 37.5 43.4 47 0.51 
18 97 37.7 43.5 46 0.78 
24 70 38.5 44.5 49 0.56 
2x24 136 34.2 39.5 44 0.44 
48 97 38.6 44.5 50 0.38 
3x24 35 34.0 39.2 31 0.96 
72 
0.2 
90 37.9 43.7 47 0.83 
2 97 39.0 45.1 48 0.27 
6 99 37.3 43.1 47 0.42 
18 77 37.6 43.4 46 0.49 
24 83 39.0 45.1 44 0.29 
2x24 114 34.6 40.0 44 0.58 
48 113 36.7 42.4 51 0.45 
3x24 59 34.7 40.1 31 0.56 
72 
0.1 
97 39.1 45.1 49 0.59 
2 94 38.4 44.3 33 0.27 
6 105 38.9 44.9 47 0.34 
18 86 38.0 43.9 46 0.43 
24 87 37.0 42.8 49 0.20 
2x24 99 34.4 39.7 44 0.64 
48 91 38.5 44.4 48 0.32 
3x24 121 35.6 41.1 32 0.21 
72 
0.05 
104 39.8 46.0 50 0.20 
2 86 38.9 44.9 50 0.15 
6 119 39.3 45.4 44 0.13 
18 64 40.8 47.1 48 0.30 
24 64 35.5 41.0 48 0.27 
2x24 77 36.3 41.9 32 0.17 
48 75 34.5 39.9 45 0.18 
3x24 132 35.1 40.5 34 0.27 
72 
0.025 
101 40.8 47.1 48 0.13 
Appendix 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯  
-
 
205 -
Table B.3 Structural properties and chemical composition of H+AlMCM-41 samples 
treated with aqueous Co(II) acetate tetrahydrate solution. 
time concentration rel. crystallinity d100 a0 Si/Al Co/Al 
[h] [M] [%] [Å] [Å] [molar ratio] [molar ratio]
Parent material 100 36.6 42.3 46 - 
2 45 37.6 43.4 43 3.55 
6 120 36.2 41.9 49 0.62 
18 79 36.2 41.8 48 0.97 
24 99 37.0 42.8 47 0.54 
2x24 56 33.9 39.1 42 0.70 
48 98 37.5 43.2 48 0.66 
3x24 36 34.5 39.8 31 1.13 
72 
0.2 
84 36.1 41.7 48 0.79 
2 81 40.1 46.3 49 1.52 
6 61 35.7 41.2 47 0.46 
18 90 36.5 42.1 48 0.61 
24 85 37.1 42.8 49 0.48 
2x24 53 34.0 39.2 43 0.69 
48 88 37.4 43.1 46 0.70 
3x24 44 34.2 39.5 30 0.80 
72 
0.1 
31 34.6 39.9 41 0.79 
2 72 40.2 46.4 47 0.72 
6 95 36.9 42.6 45 0.48 
18 100 37.0 42.7 47 0.53 
24 62 36.0 41.5 46 0.48 
2x24 109 34.1 39.3 43 0.52 
48 100 36.4 42.0 39 0.58 
3x24 55 34.4 39.7 33 0.60 
72 
0.05 
36 36.7 42.4 46 0.57 
2 95 37.3 43.1 48 0.41 
6 73 36.1 41.6 47 0.44 
18 119 38.0 43.9 47 0.51 
24 45 34.6 40.0 44 0.48 
2x24 118 34.1 39.4 32 0.45 
48 33 35.7 41.2 33 0.44 
3x24 46 33.5 38.7 34 0.59 
72 
0.025 
98 37.8 43.7 47 0.45 
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Table B.4 Structural properties and chemical composition of H+AlMCM-41 samples 
treated with on ethanol based Co(II) acetate tetrahydrate solution. 
time concentration rel. crystallinity d100 a0 Si/Al Co/Al 
[h] [M] [%] [Å] [Å] [molar ratio] [molar ratio]
Parent material 100 36.6 42.3 46 - 
2 21 41.0 47.4 46 17.52 
6 24 41.6 48.1 47 1.51 
18 24 42.0 48.5 44 13.91 
24 25 40.8 47.1 50 17.81 
2x24 4 4.7 5.4 37 55.56 
48 25 41.1 47.5 46 1.70 
3x24 2 4.7 5.4 47 58.27 
72 
0.2 
20 70.1 80.9 47 19.30 
2 41 41.1 47.4 49 8.94 
6 41 44.4 51.3 47 8.76 
18 38 39.7 45.9 46 9.52 
24 34 40.5 46.7 46 9.06 
2x24 8 33.0 38.1 36 22.42 
48 47 41.6 48.1 45 9.28 
3x24 2 4.7 5.4 45 28.84 
72 
0.1 
36 40.2 46.4 46 6.66 
2 78 39.0 45.0 45 3.63 
6 58 39.8 45.9 48 3.67 
18 60 38.4 44.4 46 4.78 
24 64 41.4 47.8 46 4.51 
2x24 25 40.7 47.0 34 9.77 
48 83 40.7 47.1 42 3.98 
3x24 7 2.4 2.8 43 14.23 
72 
0.05 
61 38.5 44.5 48 4.87 
2 65 38.7 44.7 45 1.47 
6 92 37.5 43.3 45 1.62 
18 101 38.2 44.1 48 1.48 
24 47 33.8 39.0 43 1.48 
2x24 26 33.2 38.3 33 4.96 
48 34 34.3 39.6 43 1.61 
3x24 18 33.4 38.6 34 9.70 
72 
0.025 
83 38.0 43.9 45 1.97 
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Table B.5 Structural properties and chemical composition of H+AlMCM-41 samples 
treated with aqueous Cr(III) nitrate nonahydrate solution. 
time concentration rel. crystallinity d100 a0 Si/Al Cr/Al 
[h] [M] [%] [Å] [Å] [molar ratio] [molar ratio]
Parent material 100 36.6 42.3 46 - 
2 106 37.9 43.8 79 1.04 
6 93 36.6 42.2 81 0.73 
18 79 36.2 41.8 83 0.83 
24 81 36.6 42.2 84 0.67 
2x24 102 34.1 39.4 94 0.97 
48 107 36.5 42.1 90 1.35 
3x24 54 34.4 39.7 91 1.58 
72 
0.2 
74 35.8 41.3 80 1.00 
2 82 37.9 43.7 74 0.78 
6 103 37.4 43.2 62 0.55 
18 91 37.4 43.2 72 0.54 
24 101 36.6 42.3 73 0.52 
2x24 53 34.0 39.3 89 0.63 
48 101 37.2 43.0 77 0.86 
3x24 42 34.8 40.2 85 1.43 
72 
0.1 
83 36.3 41.9 66 0.54 
2 84 39.2 45.3 70 0.50 
6 87 36.4 42.0 68 0.41 
18 91 36.6 42.2 66 0.42 
24 90 36.6 42.3 66 0.42 
2x24 95 36.3 41.9 81 0.53 
48 109 37.2 43.0 65 0.50 
3x24 47 34.2 39.5 74 0.51 
72 
0.05 
94 36.0 41.6 60 0.56 
2 108 37.7 43.6 59 0.26 
6 71 36.4 42.0 65 0.32 
18 118 37.7 43.5 66 0.38 
24 52 34.4 39.8 60 0.32 
2x24 130 34.8 40.2 72 0.51 
48 55 34.1 39.4 59 0.40 
3x24 117 34.3 39.6 76 0.57 
72 
0.025 
97 37.4 43.2 69 0.48 
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Table B.6 Structural properties and chemical composition of H+AlMCM-41 samples 
treated with on ethanol based Cr(III) nitrate nonahydrate solution. 
time concentration rel. crystallinity d100 a0 Si/Al Cr/Al 
[h] [M] [%] [Å] [Å] [molar ratio] [molar ratio]
Parent material 100 36.6 42.3 46 - 
2 83 38.9 45.0 57 0.71 
6 81 38.4 44.3 64 1.20 
18 47 39.7 45.9 64 0.96 
24 42 38.1 44.0 67 0.65 
2x24 117 34.9 40.3 75 0.56 
48 73 39.8 45.9 68 0.78 
3x24 43 34.4 39.7 63 1.10 
72 
0.2 
52 37.7 43.6 60 0.99 
2 90 38.8 44.8 54 0.55 
6 72 39.6 45.7 58 0.62 
18 83 37.7 43.5 55 1.06 
24 62 37.7 43.5 55 0.61 
2x24 128 35.0 40.4 68 0.56 
48 60 38.9 45.0 53 0.64 
3x24 48 34.5 39.9 62 1.40 
72 
0.1 
87 39.3 45.4 61 0.75 
2 70 39.7 45.8 51 0.40 
6 52 37.8 43.6 52 0.66 
18 77 37.1 42.8 49 0.79 
24 74 39.5 45.6 49 0.61 
2x24 102 37.1 42.8 53 0.55 
48 93 39.0 45.0 50 0.58 
3x24 113 35.4 40.9 57 0.62 
72 
0.05 
49 39.0 45.0 53 0.77 
2 91 39.0 45.0 48 0.36 
6 113 38.6 44.6 51 0.46 
18 97 38.1 44.0 51 0.51 
24 62 34.6 40.0 47 0.51 
2x24 95 38.5 44.4 48 0.64 
48 36 37.2 42.9 45 0.41 
3x24 116 35.4 40.9 51 0.64 
72 
0.025 
101 38.1 44.0 52 0.57 
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Appendix C   
For all Tables and Figures concerning thermo gravimetric analysis, the mass loss 
in the temperature range between 25 and 125 °C, attributable to the removal of 
physisorbed water 38 or the various solvents used for impregnation, was omitted.  
Table C.1 TG-DTA of J acobsen s ligand and the homogeneous catalysts based on Co(II), 
Co(III) OAc and Cr(III)Cl. 
mass loss
[%] Sample a 
b c 
inflection point
[°C] 
decomposition step
[°C] a 
Jacobsen's ligand 97.0 2.6 321 205-510 
Co(II) salen complex 87.0 0.9 302 200-500 
Co(III)OAc salen complex 85.0 0.7 324 125-500 
Cr(III)Cl salen complex 78.8 0.3 329 125-350 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 between 125-500 °C 
c
 between 500-1000 °C 
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Figure C.1 TG and DTG curves of respectively J acobsen s ligand (a, e) and the 
homogeneous catalysts based on Co(II) (b, f), Co(III)OAc (c, g) and Cr(III)Cl (d, h) 
centres.  
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Figure C.2 UV-Vis spectra of J acobsen s ligand and its homogeneous complexes of 
Co(II), Co(III)OAc and Cr(III)Cl centres. 
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Figure C.3 DTG of the on Co(III)OAc centres based heterogenised catalysts prepared by 
impregnation on several support materials: (a) homogeneous Co(III)OAc J acobsen 
catalyst; (b) AlSBA15A; (c) NaAlMCM48A; (d) HAlMCM41A; (e) NaAlMCM41A.  
125 200 275 350 425 500
Temperature [ º C]
a
b
c
d
e
Appendix 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯  
-
 
213 -
Figure C.4 DTG of the on Co(II) centres based heterogenised catalysts, prepared by 
impregnation (B) or ion exchange (followed by ligand addition) (Li) on the various 
supports: (a) homogeneous Co(II) J acobsen catalyst; (b) CoNaAlMCM48Li; (c) 
CoHAlMCM41Li; (d) AlSBA15B, based on AlSBA-15; (e) NaAlMCM48B; (f) 
HAlMCM41B; (g) NaAlMCM41B; (h) CoAlSBA15Li. 
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Figure C.5 DTG of the on Cr(III)Cl centres based heterogenised catalysts prepared by 
impregnation on several support materials: (a) homogeneous Cr(III)Cl J acobsen s 
catalyst; (b) AlSBA15C; (c) NaAlMCM48C; (d) HAlMCM41C; (e) NaAlMCM41C.  
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Appendix D   
Table D.1 Thermal analysis of the support materials between 125-1000 °C. 
Total mass lossSample a [%] 
AlMCM-41 0.6 
H+AlMCM-41 0.4 
MCM-48 0.5 
AlMCM-48 1.8 
H+AlMCM-48 1.3 
SBA-15 6.7 
AlSBA-15 0.1 
a
 for denotation of the materials see Chapter Experimental, Table E.1  
Table D.2 Thermal analysis of various ion-exchanged materials between 125-1000 °C. 
Total mass lossSample a [%] 
CoNaAlMCM41 1.6 
CoHAlMCM41 0.8 
CoNaAlMCM48 0.3 
CoHAlMCM48 0.9 
CoAlSBA15 1.6 
CrNaAlMCM41 1.4 
CrHAlMCM41 0.2 
CrNaAlMCM48 0.4 
CrHAlMCM48 2.0 
CrAlSBA15 0.4 
a
 for denotation of the materials see Chapter Experimental, Table E.1  
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Table D.3 Composition of the various support materials used in this work determined 
with ICP AES. 
Si/Al Na/Si Na/Al
Sample a 
ratio b 
MCM-41 - 0.00 - 
AlMCM-41 44 0.01 0.04 
H+AlMCM-41 48 0.00 0.00 
MCM-48 - 0.00 - 
AlMCM-48 22 0.04 0.89 
H+AlMCM-48 21 0.01 0.05 
SBA-15 - 0.00 - 
AlSBA-15 32 0 .00 0.00 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio  
Figure D.1 Nitrogen sorption isotherms of the H+- and Na+-form AlMCM-41 materials. 
STP: standard temperature and pressure.  
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Figure D.2 FT-IR spectra of the support materials. 
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Figure D.3 FTIR spectra of the H+AlMCM-41 (Si/ Al ratio = 46) collected between 150 
and 400°C after pyridine adsorption. L: Lewis-bonded pyridine; B: Brønsted-bonded 
pyridine; H: H-bonded pyridine. The spectra are displayed using a common scale but 
are offset for clarity. 
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Figure D.4 FTIR spectra of the H+AlMCM-48 (Si/ Al ratio = 20) collected between 150 
and 400°C after pyridine adsorption. L: Lewis-bonded pyridine; B: Brønsted-bonded 
pyridine; H: H-bonded pyridine. The spectra are displayed using a common scale but 
are offset for clarity. 
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Figure D.5 FTIR spectra of AlSBA-15 (Si/ Al ratio = 31) collected between 50 and 400°C 
after pyridine adsorption. L: Lewis-bonded pyridine; B: Brønsted-bonded pyridine; H: 
H-bonded pyridine. The spectra are displayed using a common scale but are offset for 
clarity. 
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Figure D.6 NH3-TPD profiles of (a) H+AlMCM-41; (b) AlMCM-41; (c) MCM-41; (d) 
H+AlMCM-48; (e) AlMCM-48; (f) AlSBA-15; (g) SBA-15.  
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Table D.4 Amount of Lewis and Brønsted acid sites at various temperatures. 
Sample a Temperature [°C] 
Lewis acid sites 
[%] b 
Brønsted acid sites 
[%] c 
L/B 
ratio d 
150 72 28 2.6 
200 70 30 2.4 
250 73 27 2.7 
300 76 24 3.1 
350 76 24 3.2 
H+AlMCM-41 
400 89 11 7.8 
150 66 34 2.0 
200 62 38 1.6 
250 67 33 2.0 
300 68 32 2.1 
350 72 28 2.6 
H+AlMCM-48 
400 77 23 3.3 
50 41 59 0.7 
100 71 29 2.4 
200 74 26 2.9 
300 81 19 4.3 
AlSBA-15 
400 97 3 27.8 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b the total Lewis acid sites was divided by the total acidity, i.e. the total Lewis acid sites 
plus the total Brønsted acid sites. 
c the total Brønsted acid sites was divided by the total acidity, i.e. the total Lewis acid 
sites plus the total Brønsted acid sites. 
d
 molar ratio, the total Lewis acid sites (L) divided by the total Brønsted acid sites (B). 
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Appendix E   
Table E.1 Composition of the by ion exchange treated AlMCM-41 type support materials 
determined with ICP AES. 
Si/Al Na/Al Metal/Al metal content
Sample a 
ratio [mmol/g] 
AlMCM-41 b 45 0.04 - - 
CoNaAlMCM41 44 0.00 0.65 c 0.22 c 
CrNaAlMCM41 84 0.00 0.15 d 0.05 d 
H+AlMCM-41 b 46 0.00 - - 
CoHAlMCM41 47 0.00 0.18 c 0.05 c 
CrHAlMCM41 61 0.00 0.18 d 0.05 d 
a
 for denotation of materials, see Chapter Experimental, Table E.1 
b
 parent material 
c Co 
d
 Cr 
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Figure E.1 FT-IR spectra of the on different support materials heterogenised catalysts 
based on Co(II) centres prepared by ion exchange (followed by ligand loading).  
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Figure E.2 FT-IR spectra of the on different support materials heterogenised catalysts 
based on Co(III)OAc centres prepared by impregnation.  
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Figure E.3 FT-IR spectra of the on different support materials heterogenised catalysts 
based on Cr(III)Cl centres prepared by impregnation.  
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Figure E.4 UV-Vis spectra of various heterogenised complexes.  
Table E.2 Structural properties of heterogenised catalysts prepared by impregnation; 
before and after calcination. 
relative crystallinity d100 a0 Sample a, b 
[%] [Å] [Å]
NaAlMCM41A 73 37.3 43.1
NaAlMCM41A C 100 37.0 42.8
NaAlMCM41B 82 37.1 42.8
NaAlMCM41B C 80 37.3 43.1
NaAlMCM41C 74 36.9 42.7
NaAlMCM41C C 112 37.2 42.9
HAlMCM41A 59 36.6 42.3
HAlMCM41A C 112 36.1 41.7
HAlMCM41B 86 36.2 41.8
HAlMCM41B C 108 36.9 42.6
HAlMCM41C 58 35.6 41.1
HAlMCM41C C 146 36.3 41.9
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b For the ligand containing by ion exchange prepared samples (Li) the calcination was 
not carried out because of the small amounts of ligand loading, which in all probability 
did not affect the mesoporous structure. 
C
 calcined samples 
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Table E.3 Structural properties of the by ion exchange treated AlMCM-41 type support 
materials 
relative crystallinity d100 a0 Sample a 
[%] [Å] [Å]
AlMCM-41 b 100 37.4 43.1
CoNaAlMCM41 117 38.6 44.6
CrNaAlMCM41 100 38.1 44.0
H+AlMCM-41 b 34 c 36.6 42.3
CoHAlMCM41 111 d 36.9 42.6
CrHAlMCM41 112 d 36.6 42.2
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 parent material 
c
 relative to its parent material AlMCM-41 
d
 relative to its parent material H+AlMCM-41, which was defined as 100% 
Figure E.5 XRD patterns of on the H+-form of AlMCM-41 heterogenised catalysts 
prepared by impregnation and ion exchange (followed by ligand addition).  
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Table E.4 Nitrogen sorption data of metal ions containing AlMCM-41 type support 
materials. 
BET SA BJH SA BJH PV BJH PS wall thicknessSample a 
[m2/g] [m2/g] [m3/g] [Å] [Å] 
AlMCM-41 b 1068 1296 1.02 32 11.5 
CoNaAlMCM41 804 951 0.80 34 11.0 
CrNaAlMCM41 813 933 0.77 33 10.9 
H+AlMCM-41 b 918 976 0 .75 31 11.7 
CoHAlMCM41 884 903 0.68 30 12.4 
CrHAlMCM41 888 915 0.70 30 11.8 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 parent material  
Figure E.6 Nitrogen sorption isotherms of on the H+- and Na+-form of AlMCM-41 
heterogenised catalysts: (a) CoHAlMCM41; (b) H+AlMCM-41; (c) CrHAlMCM41; (d) 
CoHAlMCM41Li; (e) HAlMCM41C; (f) HAlMCM41B; (g) HAlMCM41A; (h) AlMCM-41; 
(i) NaAlMCM41C; (j) CoNaAlMCM41; (k) CrNaAlMCM41; (l) NaAlMCM41B; (m) 
NaAlMCM41A. For clarity isotherms a-m are offset.  
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Appendix F   
Table F.1 Elemental composition of the by ion exchange treated AlMCM-48 type 
support materials determined with ICP AES. 
Si/Al Na/Al Metal/Al metal content
Sample a 
ratio [mmol/g] 
AlMCM-48 b 24 0.89 - - 
CoNaAlMCM48 15 0.18 0.14 c 0 .13 c 
CrNaAlMCM48 25 0.14 0.26 d 0.24 d 
H+AlMCM-48 b 20 0.05 - - 
CoHAlMCM48 16 0.02 0.16 c 0.15 c 
CrHAlMCM48 21 0.02 0.79 d 0.22 d 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 parent material 
c
 Co 
d
 Cr  
Table F.2 Structural properties of the by impregnation prepared heterogenised 
catalysts; before and after calcination. 
relative crystallinity d100 a0 Sample a, b, 2 
[%] [Å] [Å]
NaAlMCM48A 85 36.0 88.2
NaAlMCM48A C 82 35.7 87.4
NaAlMCM48B 87 36.2 88.6
NaAlMCM48B C 79 35.3 86.4
NaAlMCM48C 81 36.0 88.1
NaAlMCM48C C 90 35.6 87.2
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b For the ligand containing by ion exchange prepared samples (Li) the calcination was 
not carried out because of the small amounts of ligand loading (vide infra), which very 
likely did not affect the mesoporous structure. 
C
 calcined samples  
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Table F.3 Structural properties of the by ion exchange treated AlMCM-48 type support 
materials. 
relative crystallinity d100 a0 Sample a 
[%] [Å] [Å]
AlMCM-48 b 100 36.0 88.2
CoNaAlMCM48 83 35.5 86.9
CrNaAlMCM48 88 35.8 87.6
H+AlMCM-48 b 62 34.4 84.3
CoHAlMCM48 109 34.1 83.5
CrHAlMCM48 89 34.4 84.2
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 parent material  
Figure F.1 XRD patterns of the Co(II) and Cr(III) ion containing H+AlMCM-48 support 
materials.  
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Table F.4 Nitrogen sorption data of both Na+- and H+-form by ion exchange treated 
AlMCM-48 support materials. 
BET SA BJH SA BJH PV BJH PS wall thicknessSample a 
[m2/g] [m2/g] [m3/g] [Å] [Å] 
AlMCM-48 b 947 1228 0.98 32 11.7 
CoNaAlMCM48 896 1222 0.95 30 12.9 
CrNaAlMCM48 871 1168 0.90 31 12.9 
H+AlMCM-48 b 986 1321 1.05 32 11.5 
CoHAlMCM48 913 763 0.65 34 10.1 
CrHAlMCM48 916 755 0.65 34 10.1 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 parent material  
Figure F 2 Nitrogen sorption isotherms of the on the H+- and Na+-form of AlMCM-48 
heterogenised catalysts: (a) AlMCM-48; (b) CoNaAlMCM48; (c) CrNaAlMCM48; (d) 
NaAlMCM48A; (e) CoNaAlMCM48Li; (f) NaAlMCM48C; (g) NaAlMCM48B; (h) 
H+AlMCM-48; (i) CoHAlMCM48; (j) CrHAlMCM48. For clarity isotherms a-j are offset.  
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Appendix G   
Table G.1 Composition of the by ion exchange treated AlSBA-15 type support materials 
determined with ICP AES. 
Si/Al Na/Al Metal/Al metal content
Sample a 
ratio [mmol/g] 
AlSBA-15 b 32 0.00 - - 
CoAlSBA15 33 0.00 0.10 c 0.05 c 
CrAlSBA15 38 0.00 0.46 d 0.13 d 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 parent material 
c
 Co 
d
 Cr  
Table G.2 Structural properties of the by impregnation prepared heterogenised 
catalysts before and after calcination. 
relative crystallinity d100 a0 Sample a, b [%] [Å] [Å] 
AlSBA15A 89 102.6 118.4
AlSBA15A C 82 101.2 116.9
AlSBA15B 60 97.6 112.7
AlSBA15B C 111 101.3 116.9
AlSBA15C 91 100.5 116.1
AlSBA15C C 100 98.3 113.6
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b For the ligand containing by ion exchange prepared samples (Li) the calcination was 
not carried out because of the small amounts of ligand loading (vide infra), which very 
likely did not affect the mesoporous structure. 
C
 calcined samples  
Table G.3 Structural properties of the by ion exchange treated AlSBA-15 type support 
materials. 
relative crystallinity d100 a0 Sample a [%] [Å] [Å] 
AlSBA-15 b 100 98.3 113.6
CoAlSBA15 82 98.8 114.1
CrAlSBA15 81 100.5 116.0
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 parent material 
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Table G.4 Nitrogen sorption data of by ion exchange treated AlSBA-15 support 
materials. 
BET SA BJH SA BJH PV BJH PS wall thicknessSample a [m2/g] [m2/g] [m3/g] [Å] [Å] 
AlSBA-15 b 705 592 0.93 63 54.0 
CoAlSBA15 630 561 0.97 69 44.8 
CrAlSBA15 640 556 0.95 68 47.9 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 parent material  
Figure G.1 Nitrogen sorption isotherms of the on AlSBA-15 heterogenised catalysts: (a) 
AlSBA-15; (b) CoAlSBA15; (c) CrAlSBA15; (d) CoAlSBA15Li; (e) AlSBA15C; (f) 
AlSBA15A; (g) AlSBA15B. For clarity isotherms a-g are offset.  
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Appendix H   
Table H.1 Catalytic activity in the HKR of styrene oxide in a blank reaction, over the 
homogeneous ligand and over the metal salts used for homogeneous complex synthesis. 
Sample a conversion[%] 
yield
[%]
selectivity
[%] 
ee [%] 
substrate
ee [%] 
diol 
Blank 86.6 24.4 28.1 2.0 (S) 18.0 (S) 
(R,R)-Jacobsen ligand 57.8 12.6 21.7 3.1 (R) 0.3 (S) 
Co(CH3COO)2*4H2O 53.9 4.0 7.3 27.0 (S) 36.1 (S)
Co(NO3)2*6H2O 55.2 4.0 7.3 22.4 (S) 50.6 (S)
Cr(NO3)3*9H2O 75.7 16.8 22.2 24.3 (S) 42.0 (S)
a
 for denotation of the materials see Chapter Experimental, Table E.1  
Table H.2 Catalytic activity in the HKR of styrene oxide over the homogeneous salen 
complexes; influence of the reaction time. 
Sample a conversion[%] 
yield
[%]
selectivity
[%] 
ee [%] 
substrate
ee [%] 
diol 
(S,S)-Co(II) complex [24h] 80.1 43.2 53.9 91.8 (S) 100.0 (R)
(S,S)-Co(II) complex [48h] 86.3 62.7 72.6 96.5 (S) 99.4 (R) 
(S,S)-Co(III)OAc complex [24h] 30.0 1.8 6.1 18.7 (S) 71.3 (R) 
(S,S)-Co(III)OAc complex [48h] 38.1 2.0 5.3 34.6 (S) 85.3 (R) 
(S,S)-Co(III)OAc complex [96h] 31.6 3.5 11.0 12.7 (S) 62.0 (R)
(R,R)-Cr(III)Cl complex [24h] 31.1 3.3 10.6 12.7 (R) 92.7 (S) 
(R,R)-Cr(III)Cl complex [48h] 43.2 3.7 8.5 95.1 (R) 88.1 (S) 
a
 for denotation of the materials see Chapter Experimental, Table E.1  
Table H.3 Catalytic activity of various MCM and SBA-15 type support materials in the 
HKR of styrene oxide; relationship between activity, Si/Al ratio and acidity. 
ee [%] 
substrate
ee [%]
diol 
Total 
Acidity SABETSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (S) 
Si/Al 
ratio b [mmol/g] [m2/g]
MCM-41 93.9 10.4 11.1 2.4 9.8 - 0.068 809 
AlMCM-41 81.8 32.7 39.9 2.1 15.6 48 0.118 1068 
H+AlMCM-41 95.9 25.8 26.9 1.2 6.3 44 0.641 918 
MCM-48 38.7 10.1 26.1 14.6 7.1 - - 1296 
AlMCM-48 31.7 5.6 17.6 1.9 12.8 22 0.111 947 
H+AlMCM-48 85.9 22.8 26.5 1.9 16.4 21 0.574 986 
SBA-15 92.5 8.4 9.1 1.7 9.8 - 0.086 763 
AlSBA-15 96.1 18.7 19.4 1.2 12.5 32 0.144 705 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio 
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Table H.4 Catalytic activity of various cobalt containing support materials in the HKR 
of styrene oxide. 
ee [%] 
substrate
ee [%]
diol SABETSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (S) 
Si/Al 
ratio d
Co/Al 
ratio d [m2/g]
CoNaAlMCM41 77.9 20.4 26.2 3.1 16.8 44 0.65 804 
CoHAlMCM41 74.8 26.4 35.4 2.5 22.6 47 0.18 884 
CoNaAlMCM48 52.9 4.6 8.6 18.0 2.3 15 0.14 896 
CoHAlMCM48 60.0 14.0 23.3 2.9 12.8 16 0.16 913 
CoAlSBA15 b 29.1 1.5 5.1 29.4 24.8 33 0.10 630 
CoAlSBA15 c 48.2 19.0 39.4 11.2 21.7 33 0.10 630 
a
 for denotation of materials, see Chapter Experimental, Table E.1 
b
 Co(CH3COO)2*4H2O was used as metal salt for ion exchange treatments 
c
 Co(NO3)2*6H2O was used as metal salt for ion exchange treatments 
d
 molar ratio  
Figure H.1 Catalytic activity of various cobalt containing mesoporous carriers 
synthesised by ion exchange in the HKR of styrene. 
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Table H.5 Catalytic activity of various chromium containing support materials in the 
HKR of styrene oxide. 
ee [%] 
substrate
ee [%]
diol SABETSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (S) 
Si/Al 
ratio b
Cr/Al 
ratio b [m2/g]
CrNaAlMCM41 74.2 18.4 24.8 3.2 22.3 84 0.15 813 
CrHAlMCM41 52.4 7.2 13.8 6.8 5.4 61 0.18 888 
CrNaAlMCM48 98.0 39.9 40.7 0.1 29.4 25 0.26 871 
CrHAlMCM48 74.2 18.4 24.8 2.6 20.3 21 0.79 916 
CrAlSBA15 31.2 2.6 8.2 26.0 11.6 38 0.46 640 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio  
Figure H.2 Catalytic activity of various chromium containing mesoporous carriers 
prepared by ion exchange in the HKR of styrene.  
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Table H.6 Catalytic activity of on Co(II)-salen complex based various heterogenised 
catalysts prepared by impregnation in the HKR of styrene oxide. 
ee [%] 
substrate
ee [%]
diol SABETSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (R) 
Si/Al 
ratio b
Co/Al 
ratio b [m2/g]
(S,S)-Co(II)-
salen complex 80.1 43.2 53.9 91.8 99.9 - - - 
NaAlMCM41B 74.0 40.1 54.2 1.8 14.1 45 0.77 988 
HAlMCM41B 54.2 26.5 48.8 3.2 9.9 47 0.93 732 
NaAlMCM48B 51.4 18.2 35.4 5.2 9.5 18 0.44 831 
AlSBA15B 69.7 14.7 21.1 3.8 15.6 33 0.69 442 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio  
Table H.7 Catalytic activity of on Co(II-salen complex based various heterogenised 
catalysts prepared by ion exchange (followed by ligand addition) in the HKR of styrene 
oxide. 
ee [%] 
substrate
ee [%]
diol SABETSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (R) 
Si/Al 
ratio b
Co/Al 
ratio b [m2/g]
(S,S)-Co(II)-salen 
complex 80.1 43.2 53.9 91.8 99.9 - -  
CoHAlMCM41Li 76.3 31.6 41.3 1.3 19.9 48 0.18 807 
CoNaAlMCM48Li 84.2 35.1 41.7 27.8 37.1 48 0.18 892 
CoAlSBA15Li 84.0 30.2 36.0 1.9 30.8 48 0.18 512 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio 
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Figure H.3 Catalytic activity of on Co(II)-salen complex based various heterogenised 
catalysts prepared by ion exchange (followed by ligand addition) in the HKR of styrene 
oxide.  
Table H.8 Catalytic activity of on Co(III)OAc-salen-complex based various 
heterogenised catalysts prepared by impregnation in the HKR of styrene oxide. 
ee [%] 
substrate
ee [%]
diol SABETSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (R) 
Si/Al 
ratio b
Co/Al 
ratio b [m2/g]
(S,S)-
Co(III)OAc-
salen complex 
30.0 1.8 6.1 18.7 71.3 - -  
NaAlMCM41A 79.3 34.4 43.4 1.6 23.1 45 0.77 963 
HAlMCM41A 60.4 25.7 42.5 2.4 16.3 54 1.16 657 
NaAlMCM48A 59.0 18.8 31.9 3.0 7.6 18 0.40 855 
AlSBA15A 53.8 15.5 28.7 2.3 20.3 33 0.71 435 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio  
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Table H.9 Catalytic activity of on Cr(III)Cl-salen-complex based various heterogenised 
catalysts (prepared by impregnation) in the HKR of styrene oxide. 
ee [%] 
substrate
ee [%]
diol SABETSample a conversion[%] 
yield
[%]
selectivity
[%] (R) (S) 
Si/Al 
ratio b
Cr/Al 
ratio b [m2/g]
(R,R)-Cr(III)Cl-
salen complex 31.1 3.3 10.6 12.7 92.7 - -  
NaAlMCM41C 80.7 36.5 45.2 0.5 13.6 42 0.12 998 
HAlMCM41C 80.7 16.7 20.7 2.0 11.9 48 0.10 823 
NaAlMCM48C 80.2 23.5 29.3 2.2 13.6 18 0.07 896 
AlSBA15C 85.2 49.2 57.7 0.8 18.5 33 0.10 512 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio  
Table H.10 Relationship between acidity, structural properties and catalytic activity of 
Co(II)-salen complex based heterogenised catalysts vs. their parent materials in the 
HKR of styrene oxide. 
SABETSample a conversion[%] 
selectivity
[%] Si/Al ratio 
b Co/Al ratio b [m2/g]
AlMCM-41 c 82 40 44 - 1068 
NaAlMCM41B 74 54 45 0.77 988 
H+AlMCM-41 c 96 27 48 - 918 
CoHAlMCM41Li 76 41 48 0.18 807 
HAlMCM41B 54 49 47 0.93 732 
AlMCM-48 c 32 18 22 - 947 
CoNaAlMCM48Li 84 42 48 0.18 892 
NaAlMCM48B 51 29 18 0.44 831 
AlSBA-15 c 96 19 32 - 705 
CoAlSBA15Li 84 36 48 0.18 519 
AlSBA15B 70 58 33 0.69 442 
a
 for denotation of materials, see Chapter Experimental, Table E.1 
b
 molar ratio 
c
 parent material  
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Appendix I   
Table I.1 Catalytic activity in the HKR of cyclohexene oxide with benzoic acid in the 
blank, over the chiral J acobsen ligand and over the metal salts used for the 
homogeneous complex synthesis. 
ee [%] 
substrate
ee [%] 
productSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (R) 
Blank 84.6 17.4 20.6 4.0 19.1 
(R,R)-J acobsen s ligand 85.5 13.2 15.4 4.4 19.2 
Co(CH3COO)2*4H2O 81.7 5.2 6.3 4.2 28.4 
Co(NO3)2*6H2O 79.6 3.3 4.2 2.9 27.2 
Cr(NO3)3*9H2O 80.7 11.2 13.9 0.8 17.4 
a
 for denotation of the materials see Chapter Experimental, Table E.1  
Table I.2 Catalytic activity in the HKR of cyclohexene oxide with benzoic acid over 
several homogeneous salen complexes; influence of reaction time. 
Sample a conversion[%] 
yield
[%]
selectivity
[%] 
ee [%] 
substrate
ee [%] 
product
(R,R)-Co(II) complex [24h] 95.3 72.1 75.7 5.6 (S) 67.8 (R)
(R,R)-Co(II) complex [48h] 96.6 96.0 99.4 11.1 (S) 73.5 (R)
(R,R)-Co(II) complex [72h] 97.4 97.1 99.7 4.9 (S) 74.5 (R)
(R,R)-Co(II) complex [96h] 98.4 98.3 99.9 5.8 (S) 74.4 (R)
(R,R)-Co(III)OAc complex [48h] 82.4 31.3 38.1 2.1 (S) 24.5 (R)
(R,R)-Co(III)OAc complex [96h] 91.2 87.7 96.1 5.3 (S) 28.1 (R)
(R,R)-Cr(III)Cl complex [48h] 79.8 17.7 22.2 9.4 (S) 8.6 (R)
(R,R)-Cr(III)Cl complex [96h] 94.2 65.3 69.3 2.4 (S) 9.9 (R)
a
 for denotation of the materials see Chapter Experimental, Table E.1  
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Table I.3 Catalytic activity in the HKR of cyclohexene oxide with benzoic acid over 
various MCM and SBA-15 type support materials; relationship between activity, Si/ Al 
ratio and acidity. 
ee [%] 
substrate
ee [%]
product
Total 
Acidity SABETSample a 
conversion
[%] 
yield
[%]
selectivity
[%] 
(S) (R) 
Si/Al
ratio b
[mmol/g] [m2/g]
MCM-41 88.4 11.1 12.5 5.9 20.8 - 0.068 809 
AlMCM-41 81.6 6.6 8.1 4.5 50.0 48 0.118 1068 
H+AlMCM-41 85.1 8.3 9.8 2.9 25.9 44 0.641 918 
MCM-48 86.6 14.1 16.3 5.4 16.6 - - 1296 
AlMCM-48 83.8 7.2 8.6 1.1 14.2 22 0.111 947 
H+AlMCM-48 82.5 14.6 17.7 1.3 16.5 21 0.574 986 
SBA-15 86.4 7.1 8.2 0.1 16.2 - 0.086 763 
AlSBA-15 85.3 15.3 17.9 0.8 17.3 32 0.144 705 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio  
Table I.4 Catalytic activity in the HKR of cyclohexene oxide with benzoic acid over 
various cobalt containing support materials. 
ee [%] 
substrate
ee [%] 
product SABETSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (R) 
Si/Al
ratio d
Co/Al
ratio d [m2/g]
CoNaAlMCM41 82.7 25.5 30.8 7.4 22.2 44 0.65 804 
CoHAlMCM41 88.3 21.8 24.7 3.8 20.5 47 0.18 884 
CoNaAlMCM48 85.5 24.3 28.4 5.6 32.8 15 0.14 896 
CoHAlMCM48 85.7 25.6 29.8 5.6 18.2 16 0.16 913 
CoAlSBA15 b 93.4 46.2 49.5 4.5 16.4 33 0.10 630 
CoAlSBA15 c 87.4 40.8 46.7 5.7 12.2 33 0.10 630 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 Co(CH3COO)2*4H2O was used as metal salt for ion exchange treatments 
c
 Co(NO3)2*6H2O was used as metal salt for ion exchange treatments 
d
 molar ratio  
Table I.5 Catalytic activity in the HKR of cyclohexene oxide with benzoic acid over 
various chromium containing support materials. 
ee [%] 
substrate
ee [%] 
product SABETSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (R) 
Si/Al 
ratio b
Cr/Al
ratio b [m2/g]
CrNaAlMCM41 81.4 25.9 31.8 3.4 13.8 84 0.15 813 
CrHAlMCM41 89.7 40.2 44.8 3.7 13.3 61 0.18 888 
CrNaAlMCM48 80.1 20.2 25.3 4.6 17.6 25 0.26 871 
CrHAlMCM48 90.6 27.3 30.2 4.0 27.1 21 0.79 916 
CrAlSBA15 86.6 33.5 38.7 4.7 11.3 38 0.46 640 
a
 for denotation of the materials see Chapter Experimental, Table E.1  
b
 molar ratio  
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Figure I.1 Catalytic activity in the HKR of cyclohexene oxide with benzoic acid over 
various cobalt containing support materials prepared by ion exchange.  
Figure I.2 Catalytic activity in the HKR of cyclohexene oxide with benzoic acid over 
various chromium containing support materials prepared by ion exchange.  
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Table I.6 Catalytic activity in the HKR of cyclohexene oxide with benzoic acid over on 
Co(II)-salen complex based various heterogenised catalysts prepared by impregnation. 
ee [%] 
substrate
ee [%] 
product SABETSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (R) 
Si/Al 
ratio b
Co/Al
ratio b [m2/g]
(R,R)-Co(II)-
salen complex 96.6 96.0 99.4 11.1 73.5 - - - 
NaAlMCM41B 77.8 21.0 27.0 9.1 50.9 45 0.77 988 
HAlMCM41B 72.1 7.6 10.6 9.5 54.1 47 0.93 732 
NaAlMCM48B 81.3 43.6 53.6 5.7 40.1 18 0.44 831 
AlSBA15B 82.1 27.8 33.8 7.0 38.9 33 0.69 442 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio  
Table I.7 Catalytic activity in the HKR of cyclohexene oxide with benzoic acid over on 
Co(II)-salen complex based various heterogenised catalysts prepared by ion exchange 
(followed by ligand addition). 
ee [%] 
substrate
ee [%] 
product SABETSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (R) 
Si/Al 
ratio b
Co/Al
ratio b [m2/g]
(R,R)-Co(II)-salen 
complex 96.6 96.0 99.4 11.1 73.5 - - - 
CoHAlMCM41Li 81.2 11.3 13.9 0.1 17.8 48 0.18 807 
CoNaAlMCM48Li 32.2 8.8 27.4 5.4 24.3 48 0.18 892 
CoAlSBA15Li 82.0 11.6 14.1 5.2 20.7 48 0.18 512 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio 
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Figure I.3 Catalytic activity in the HKR of cyclohexene oxide with benzoic acid over on 
Co(II)-salen complex based various heterogenised catalysts prepared by ion exchange 
(followed by ligand addition).  
Table I.8 Catalytic activity in the HKR of cyclohexene oxide with benzoic acid over on 
Co(III)OAc-salen complex based various heterogenised catalysts prepared by 
impregnation. 
ee [%] 
substrate
ee [%]
product SABETSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (R) 
Si/Al
ratio b
Co/Al
ratio b [m2/g]
(R,R)-Co(III)OAc-
salen complex 82.4 31.3 38.1 2.1 24.5 - - - 
NaAlMCM41A 70.4 3.9 5.5 5.5 36.6 45 0.77 963 
HAlMCM41A 80.4 5.0 6.2 3.7 30.5 54 1.16 657 
NaAlMCM48A 86.3 46.5 53.8 7.9 65.3 18 0.40 855 
AlSBA15A 78.7 14.2 18.1 6.8 27.5 33 0.71 435 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio  
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Table I.9 Catalytic activity in the HKR of cyclohexene oxide with benzoic acid over on 
Cr(III)Cl-salen complex based various heterogenised catalysts prepared by 
impregnation. 
ee [%] 
substrate
ee [%]
product SABETSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (R) 
Si/Al
ratio b
Cr/Al
ratio b [m2/g]
(R,R)-Cr(III)Cl-
salen 79.8 17.7 22.2 9.4 8.6 - - - 
NaAlMCM41C 74.3 2.4 3.3 3.9 37.2 42 0.12 998 
HAlMCM41C 74.0 1.5 2.0 6.3 30.3 48 0.10 823 
NaAlMCM48C 81.3 24.9 30.6 4.8 18.2 18 0.07 896 
AlSBA15C 78.0 18.0 23.1 6.7 22.0 33 0.10 512 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio  
Table I.10 Relationship between the acidity, structural properties and catalytic activity 
of Co(II)-salen complex based heterogenised catalysts vs. their parent materials in the 
HKR of cyclohexene oxide. 
SABETSample a conversion[%] 
selectivity
[%] Si/Al ratio 
b Co/Al ratio b [m2/g]
AlMCM-41 c 81.6 8.1 44 - 1068 
NaAlMCM41B 77.8 27.0 45 0.77 988 
H+AlMCM-41 c 85.1 9.8 48 - 918 
CoHAlMCM41Li 81.2 13.9 48 0.18 807 
HAlMCM41B 72.1 10.6 47 0.93 732 
AlMCM48 c 83.8 8.6 22 - 947 
CoNaAlMCM48Li 32.2 27.4 48 0.18 892 
NaAlMCM48B 81.3 53.6 18 0.44 831 
AlSBA-15 c 85.3 17.9 32 - 705 
CoAlSBA15Li 82.0 14.1 48 0.18 519 
AlSBA15B 82.1 33.8 33 0.69 442 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio 
c
 parent material  
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Appendix J   
Table J .1 Catalytic activity in the KR of cyclohexene oxide with TMSN3 in blank 
reactions and over the chiral ligand. 
Yield [%] 
products 
Selectivity
[%] 
ee [%] 
substrate
ee [%] 
product ASample a Conversion[%] 
A B C product A (R) (S) 
Blank 96.1 0.4 2.4 4.2 0.4 1.1 0.2 
(R,R)-Jacobsen ligand 97.5 1.3 2.0 1.1 1.4 2.3 0.5 
a
 for denotation of the materials see Chapter Experimental, Table E.1  
Table J .2 Catalytic activity of the MCM and SBA-15 type support materials in the KR of 
cyclohexene oxide with TMSN3; relationship between the activity, Si/ Al ratio and 
acidity. 
Yield [%] 
products 
Sel.
[%]
ee [%] 
substrate
ee [%] 
Product A
Total 
Acidity SABETSample a 
Conv.
[%] 
A B C A (R) (S) 
Si/Al
ratio b
[mmol/g] [m2/g]
MCM-41 91.6 0.3 0.6 0.9 0.4 35.6 1.8 - 0.068 809 
AlMCM-41 94.0 0.2 2.7 3.5 0.2 45.5 1.2 48 0.118 1068 
H+AlMCM-41 97.3 3.3 2.3 0.5 3.4 17.0 11.1 44 0.641 918 
MCM-48 95.3 0.2 1.4 0.2 0.2 14.3 2.6 - - 1296 
AlMCM-48 95.4 0.2 1.4 1.0 0.2 17.0 0.2 22 0.111 947 
H+AlMCM-48 95.3 1.4 0.3 0.3 1.4 18.9 6.2 21 0.574 986 
SBA-15 96.4 0.3 2.1 1.4 0.4 21.3 2.4 - 0.086 763 
AlSBA-15 93.7 2.9 1.2 0.5 3.1 6.1 3.6 32 0.144 705 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio  
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Table J .3 Catalytic activity of the various cobalt containing support materials in the KR 
of cyclohexene oxide with TMSN3. 
Yield [%] 
products 
Sel.
[%]
ee [%] 
substrate
ee [%] 
product
A 
SABETSample a Conv.[%] 
A B C A (R) (S) 
Si/Al
ratio b
Co/Al
ratio b 
[m2/g]
CoNaAlMCM41 94.4 4.6 1.1 0.3 4.9 65.0 17.3 44 0.65 804 
CoHAlMCM41 86.6 13.7 1.4 0.2 15.9 8.6 25.9 47 0.18 884 
CoNaAlMCM48 96.6 17.1 1.0 - 17.7 1.8 23.4 15 0.14 896 
CoHAlMCM48 93.2 10.3 0.6 0.2 11.1 8.0 23.5 16 0.16 913 
CoAlSBA15 c 96.8 37.6 2.9 - 38.8 1.2 12.0 33 0.10 630 
CoAlSBA15 d 97.6 6.5 0.2 0.1 6.6 2.8 9.3 33 0.10 630 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio 
c
 Co(CH3COO)2*4H2O was used as metal salt for the ion exchange treatments 
d
 Co(NO3)2*6H2O was used as metal salt for the ion exchange treatments  
Figure J .1 Catalytic activity of the various cobalt containing mesoporous carriers 
prepared by ion exchange in the KR of cyclohexene oxide with TMSN3.  
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Table J .4 Catalytic activity of the various chromium containing support materials in the 
KR of cyclohexene oxide with TMSN3. 
Yield [%] 
products 
Sel.
[%]
ee [%] 
substrate
ee [%] 
product A SABETSample a Conv.[%] A B C A (R) (S) 
Si/Al
ratio b
Cr/Al
ratio b [m2/g]
CrNaAlMCM41 95.7 0.4 1.4 0.3 0.5 2.5 11.6 84 0.15 813 
CrHAlMCM41 94.6 26.5 5.3 0.2 28.1 1.6 15.6 61 0.18 888 
CrNaAlMCM48 86.5 1.4 4.3 0.9 1.6 18.9 23.9 25 0.26 871 
CrHAlMCM48 99.1 21.1 0.4 - 21.2 5.4 16.9 21 0.79 916 
CrAlSBA15 97.9 23.2 0.4 - 23.8 6.2 6.6 38 0.46 640 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio  
Figure J .2 Catalytic activity of the various chromium containing mesoporous carriers 
prepared by ion exchange in the KR of cyclohexene oxide with TMSN3.  
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Table J .5 Catalytic activity of on Cr(III)Cl-salen complex based various heterogenised 
catalysts prepared by impregnation in the KR of cyclohexene oxide with TMSN3. 
Yield [%] 
products 
Sel.
[%]
ee [%] 
substrate
ee [%] 
product A SABETSample a Conv.[%] A B C A (R) (S) 
Si/Al
ratio b
Cr/Al 
ratio b [m2/g]
(R,R)-
Cr(III)Cl-salen 
complex 
97.6 90.0 1.3 - 92.3 94.5 98.7 - - - 
NaAlMCM41C 94.2 2.4 5.0 1.3 2.5 1.9 23.4 42 0.12 998 
HAlMCM41C 94.1 0.6 3.9 2.9 0.6 14.8 3.0 48 0.10 823 
NaAlMCM48C 96.4 43.0 7.5 0.2 44.6 54.6 51.9 18 0.07 896 
AlSBA15C 65.0 0.3 2.1 2.1 0.4 10.7 13.3 33 0.10 512 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio  
Table J .6 Catalytic activity of on Co(II)-salen complex based various heterogenised 
catalysts prepared by impregnation in the KR of cyclohexene oxide with TMSN3. 
Yield [%] 
products 
Sel.
[%]
ee [%] 
substrate
ee [%] 
product A SABETSample a Conv.[%] A B C A (R) (S) 
Si/Al
ratio b
Co/Al
Ratio b [m2/g]
(R,R)-Co(II)-
salen complex 85.4 49.8 5.4 - 58.3 93.1 28.2 - - - 
NaAlMCM41B 91.4 0.9 5.1 2.0 1.0 26.4 24.5 45 0.77 988 
HAlMCM41B 95.1 8.1 0.8 0.3 8.6 18.7 16.7 47 0.93 732 
NaAlMCM48B 93.2 1.7 4.8 1.5 1.8 14.4 23.6 18 0.44 831 
AlSBA15B 92.9 3.8 7.0 1.2 4.1 2.3 21.1 33 0.69 442 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio  
Table J .7 Catalytic activity of on Co(II)-salen complex based various heterogenised 
catalysts prepared by ion exchange (followed by ligand addition) in the KR of 
cyclohexene oxide with TMSN3. 
Yield [%] 
products 
Sel.
[%]
ee [%] 
substrate
ee [%] 
product A SABETSample a Conv.[%] A B C A (R) (S) 
Si/Al
ratio b
Co/Al
ratio b [m2/g]
(R,R)-Co(II)-
salen complex 85.4 49.8 5.4 - 58.3 93.1 28.2 - - - 
CoHAlMCM41Li 92.9 0.7 2.8 2.5 0.7 28.0 20.2 48 0.18 807 
CoNaAlMCM48Li 95.6 6.9 1.7 1.6 7.2 16.8 21.3 48 0.18 892 
CoAlSBA15Li 93.3 8.1 1.6 0.3 8.7 11.0 10.2 48 0.18 512 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio  
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Figure J .3 Catalytic activity of on Co(II)-salen complex based various heterogenised 
catalysts prepared by ion exchange (followed by ligand addition) in the KR of 
cyclohexene oxide with TMSN3.   
Table J.8 Catalytic activity of on Co(III)OAc-salen complex based various heterogenised 
catalysts prepared by impregnation in the KR of cyclohexene oxide with TMSN3. 
Yield [%] 
products 
Sel.
[%]
ee [%] 
substrate
ee [%] 
product A SABETSample a Conv.[%] A B C A (R) (S) 
Si/Al
ratio b
Co/Al 
ratio b [m2/g]
(R,R)-
Co(III)OAc-salen
complex 
94.6 18.5 29.8 2.7 19.6 19.6 88.3 - - - 
NaAlMCM41A 94.4 1.1 5.7 3.3 1.1 1.1 36.8 45 0.77 963 
HAlMCM41A 95.6 5.4 2.2 0.6 5.7 5.7 13.0 54 1.16 657 
NaAlMCM48A 94.9 0.8 4.4 3.6 0.8 0.8 9.1 18 0.40 855 
AlSBA15A 95.6 0.9 4.1 1.6 0.9 0.9 11.0 33 0.71 435 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio  
9 3
1 1
28
20
7 7
17
21
8 9
11 10
58
50
28
8 5
9 3
96 9 3
0
10
20
30
40
50
60
70
80
90
100
Conversion [%] Yield [%] product A Selectivity [%] ee [%] substrate ee [%] product A
(R,R)-Co(II)-salen CoHAlMCM41Li CoNaAlMCM48Li CoAlSBA15Li
Appendix 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯  
-
 
252 -
Table J .9 Relationship between the acidity, structural properties and the catalytic 
activity of Cr(III)Cl-salen complex based heterogenised catalysts vs. their parent 
materials in the KR of cyclohexene oxide with TMSN3. 
SABET
Sample a Conversion[%] 
Selectivity
[%] 
product A
Si/Al ratio b Cr/Al ratio b [m2/g]
AlMCM-41 c 94.0 0.2 48 - 1068 
NaAlMCM41C 94.2 2.5 42 0.12 998 
H+AlMCM-41 c 97.3 3.4 44 - 918 
HAlMCM41C 94,1 0.6 48 0.10 823 
AlMCM-48 c 95.4 0.2 22 - 947 
NaAlMCM48C 96.4 44.6 18 0.07 896 
AlSBA-15 c 93.7 3.1 32 - 705 
AlSBA15C 65.0 0.4 33 0.10 512 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio 
c
 parent material  
Figure J .4 Relationship between the acidity, structural properties and the catalytic 
activity of on Cr(III)Cl based heterogenised organometallic complexes regarding the 
metal-acid bi-functional mechanism in the KR of cyclohexene oxide with TMSN3. 
94 9 4
3 3
0 0 3 0
4544
48
32 3
3
48
22
18
9694
95
6 5
97 9
4
1
42
0,1110,1180,1440,641
0
10
20
30
40
50
60
70
80
90
100
H+
Al
M
CM
-
41
HA
lM
CM
41
C
Al
SB
A-
15
Al
SB
A1
5C
Al
M
CM
-
41
Na
Al
M
CM
41
C
Al
M
CM
-
48
Na
Al
M
CM
48
C
0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
1
1,1
1,2
T
o
ta
l A
c
id
it
y;
 
C
r
/A
l r
a
ti
o
Conversion [%] Selectivity [%]
Si/Al ratio Cr/Al ratio
Acidity of parent material [NH3 desorbed (mmol/g)]
Appendix 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯  
-
 
253 -
 
Appendix K   
Table K.1 Hot filtration test 
Investigation of leaching behaviour of various cobalt containing AlMCM-41 based 
heterogenised catalysts in the HKR of styrene oxide. 
ee [%] 
substrate
ee [%] 
productSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (R) 
NaAlMCM41A (fresh) 79.3 34.4 43.4 1.6 23.1 
Leaching 1 45.2 9.7 21.4 21.5 22.1 
Leaching 2 53.8 12.5 23.3 25.9 28.3 
NaAlMCM41B (fresh) 74.0 40.1 54.2 1.8 14.1 
Leaching 1 37.0 4.5 12.3 41.4 29.5 
Leaching 2 40.8 9.5 23.3 37.4 23.6 
HAlMCM41A (fresh) 60.4 25.7 42.5 2.4 16.3 
Leaching 1 35.5 3.3 9.2 18.5 93.5 
Leaching 2 43.7 4.7 10.8 24.8 28.4 
HAlMCM41B (fresh) 54.2 26.5 48.8 3.2 9.9 
Leaching 1 28.6 5.4 19.1 16.0 54.5 
Leaching 2 36.6 8.0 21.7 34.9 23.4 
CoHAlMCM41Li (fresh) 76.3 31.6 41.3 1.3 19.9 
Leaching 1 42.7 8.0 18.7 22.7 22.3 
Leaching 2 47.0 6.2 13.2 34.5 22.8 
a
 for denotation of the materials see Chapter Experimental, Table E.1  
Table K.2 Hot filtration test 
Structural properties and chemical composition of various cobalt containing AlMCM-41 
based heterogenised catalysts before and after leaching experiments. 
Sample a rel. crystallinity[%] c 
d100 
[Å]
a0 
[Å] Si/Al ratio b Co/Al ratio b
NaAlMCM41A (fresh) 73 37.3 43.1 45 0.80 
Leaching 2 81 37.0 42.8 45 0.30 
NaAlMCM41B (fresh) 82 37.1 42.8 45 0.78 
Leaching 2 109 37.4 43.1 45 0.30 
HAlMCM41A (fresh) 59 36.6 42.3 54 1.13 
Leaching 2 30 36.5 42.1 46 0.60 
HAlMCM41B (fresh) 86 36.2 41.8 47 0.93 
Leaching 2 77 37.8 43.6 44 0.34 
CoHAlMCM41Li (fresh) 120 37.0 42.7 47 0.19 
Leaching 2 30 37.4 43.2 50 0.11 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio 
c
 compared to the parent material, which was defined as 100 % crystalline. 
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Table K.3 Hot filtration test 
Investigation of leaching behaviour of various cobalt containing AlMCM-48 based 
heterogenised catalysts in the HKR of styrene oxide. 
ee [%] 
substrate
ee [%] 
productSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (R) 
NaAlMCM48A (fresh) 59.0 18.8 31.9 3.0 7.6 
Leaching 1 72.1 4.5 6.3 40.6 24.3 
Leaching 2 42.9 6.7 15.7 31.2 27.1 
NaAlMCM48B (fresh) 51.4 18.2 35.4 5.2 9.5 
Leaching 1 61.2 2.1 3.5 22.6 21.9 
Leaching 2 47.3 8.7 18.3 37.0 28.9 
CoNaAlMCM48Li (fresh) 84.2 35.1 41.7 27.8 37.1 
Leaching 1 53.6 8.5 15.8 11.9 23.6 
Leaching 2 54.2 9.1 16.8 24.5 24.1 
a
 for denotation of the materials see Chapter Experimental, Table E.1  
Table K.4 Hot filtration test 
Structural properties and chemical composition of various cobalt containing AlMCM-
48 based heterogenised catalysts before and after leaching experiments. 
Sample a rel. crystallinity[%] c 
d100 
[Å] 
a0 
[Å] Si/Al ratio b Co/Al ratio b
NaAlMCM48A (fresh) 85 36.0 88.2 18 0.41 
Leaching 2 45 36.0 88.1 19 0.19 
NaAlMCM48B (fresh) 87 36.2 88.6 18 0.44 
Leaching 2 80 35.8 87.8 18 0.17 
CoNaAlMCM48Li (fresh) 74 35.3 86.5 47 0.19 
Leaching 2 23 35.5 87.0 17 0.05 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio 
c
 compared to the parent material, which was defined as 100 % crystalline. 
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Table K.5 Hot filtration test 
Investigation of leaching behaviour of various cobalt containing AlSBA-15 based 
heterogenised catalysts in the HKR of styrene oxide. 
ee [%] 
substrate
ee [%] 
productSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (R) 
AlSBA15A (fresh) 53.8 15.5 28.7 2.3 20.3 
Leaching 1 45.1 4.5 10.0 21.8 25.9 
Leaching 2 43.4 8.2 19.0 33.5 23.0 
AlSBA15B (fresh) 69.7 14.7 21.1 3.8 15.6 
Leaching 1 43.0 4.0 9.2 18.6 25.0 
Leaching 2 79.6 3.3 4.1 8.8 27.5 
CoAlSBA15Li (fresh) 84.0 30.2 36.0 1.9 30.8 
Leaching 1 75.7 1.4 1.9 34.1 30.5 
Leaching 2 33.8 2.5 7.5 27.7 21.6 
a
 for denotation of the materials see Chapter Experimental, Table E.1  
Table K.6 Hot filtration test 
Structural properties and chemical composition of various cobalt containing AlSBA-15 
based heterogenised catalysts before and after leaching experiments. 
Sample a rel. crystallinity[%] c 
d100 
[Å] 
a0 
[Å] Si/Al ratio b Co/Al ratio b
AlSBA15A (fresh) 89 102.6 118.4 34 0.72 
Leaching 2 68 99.2 114.6 34 0.24 
AlSBA15B (fresh) 60 97.6 112.7 33 0.69 
Leaching 2 98 98.2 113.4 35 0.29 
CoAlSBA15Li (fresh) 73 98.8 114.1 47 0.19 
Leaching 2 85 102.6 118.5 35 0.05 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio 
c
 compared to the parent material, which was defined as 100 % crystalline. 
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Table K.7 Recycling 
Investigation of reusability of various cobalt containing AlMCM-41 based heterogenised 
catalysts in the HKR of styrene oxide. 
ee [%] 
substrate
ee [%] 
productSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (R) 
NaAlMCM41A (fresh) 79.3 34.4 43.4 1.6 23.1 
Reuse 1 50.8 10.5 20.7 21.6 27.1 
Reuse 2 50.6 13.8 27.3 20.5 24.5 
NaAlMCM41B (fresh) 74.0 40.1 54.2 1.8 14.1 
Reuse 1 51.9 13.4 25.9 18.4 31.9 
Reuse 2 58.9 14.4 24.4 28.9 31.6 
HAlMCM41A (fresh) 60.4 25.7 42.5 2.4 16.3 
Reuse 1 44.3 7.1 16.0 20.1 24.6 
Reuse 2 44.3 8.7 19.6 34.4 24.2 
HAlMCM41B (fresh) 54.2 26.5 48.8 3.2 9.9 
Reuse 1 38.0 7.3 19.1 32.3 25.2 
Reuse 2 50.9 6.7 13.2 28.7 22.5 
CoHAlMCM41Li (fresh) 76.3 31.6 41.3 1.3 19.9 
Reuse 1 67.0 21.0 31.3 12.4 35.2 
Reuse 2 80.3 26.1 32.5 10.0 40.7 
a
 for denotation of the materials see Chapter Experimental, Table E.1  
Table K.8 Recycling 
Structural properties and chemical composition of various cobalt containing AlMCM-41 
based heterogenised catalysts before and after recycling experiments. 
Sample a rel. crystallinity[%] c 
d100 
[Å]
a0 
[Å] Si/Al ratio b Co/Al ratio b
NaAlMCM41A (fresh) 73 37.3 43.1 45 0.80 
Reuse 1 17 37.6 43.4 28 0.30 
Reuse 2 20 37.1 42.9 31 0.28 
NaAlMCM41B (fresh) 82 37.1 42.8 45 0.78 
Reuse 1 61 37.4 43.2 45 0.45 
Reuse 2 28 37.0 42.8 38 0.39 
HAlMCM41A (fresh) 59 36.6 42.3 54 1.13 
Reuse 1 29 37.6 43.4 46 0.63 
Reuse 2 127 36.9 42.6 44 0.54 
HAlMCM41B (fresh) 86 36.2 41.8 47 0.93 
Reuse 1 34 37.8 43.6 52 0.51 
Reuse 2 45 38.7 44.7 51 0.48 
CoHAlMCM41Li (fresh) 120 37.0 42.7 47 0.19 
Reuse 1 62 36.5 42.1 39 0.10 
Reuse 2 42 38.3 44.2 35 0.09 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio 
c
 compared to the parent material, which was defined as 100% crystalline. 
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Table K.9 Recycling 
Investigation of reusability of various cobalt containing AlMCM-48 based 
heterogenised catalysts in the HKR of styrene oxide. 
ee [%] 
substrate
ee [%] 
productSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (R) 
NaAlMCM48A (fresh) 59.0 18.8 31.9 3.0 7.6 
Reuse 1 47.5 6.4 13.5 25.8 20.3 
Reuse 2 48.9 8.3 16.9 30.2 24.9 
NaAlMCM48B (fresh) 51.4 18.2 35.4 5.2 9.5 
Reuse 1 52.2 5.1 9.7 28.7 33.6 
Reuse 2 36.5 3.9 10.7 28.9 40.1 
CoNaAlMCM48Li (fresh) 84.2 35.1 41.7 27.8 37.1 
Reuse 1 81.9 18.8 23.0 2.9 25.8 
Reuse 2 90.5 14.2 15.7 2.1 25.2 
a
 for denotation of the materials see Chapter Experimental, Table E.1  
Table K.10 Recycling 
Structural properties and chemical composition of various cobalt containing AlMCM-
48 based heterogenised catalysts before and after recycling experiments. 
Sample a rel. crystallinity[%] c 
d100 
[Å] 
a0 
[Å] Si/Al ratio b Co/Al ratio b
NaAlMCM48A (fresh) 85 36.0 88.2 18 0.41 
Reuse 1 40 35.8 87.6 20 0.24 
Reuse 2 36 35.3 86.4 17 0.22 
NaAlMCM48B (fresh) 87 36.2 88.6 18 0.44 
Reuse 1 44 36.0 88.1 20 0.29 
Reuse 2 11 35.1 86.0 18 0.25 
CoNaAlMCM48Li (fresh) 74 35.3 86.5 47 0.19 
Reuse 1 61 35.4 86.7 17 0.03 
Reuse 2 15 35.5 86.9 12 0.03 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio 
c
 compared to the parent material, which was defined as 100 % crystalline. 
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Table K.11 Recycling 
Investigation of reusability of various cobalt containing AlSBA-15 based heterogenised 
catalysts in the HKR of styrene oxide. 
ee [%] 
substrate
ee [%] 
productSample a conversion[%] 
yield
[%]
selectivity
[%] (S) (R) 
AlSBA15A (fresh) 53.8 15.5 28.7 2.3 20.3 
Reuse 1 51.3 2.9 5.7 30.3 29.4 
Reuse 2 48.3 4.2 8.6 33.7 26.1 
AlSBA15B (fresh) 69.7 14.7 21.1 3.8 15.6 
Reuse 1 41.9 6.8 16.3 0.4 25.4 
Reuse 2 39.8 7.2 18.1 36.5 28.2 
CoAlSBA15Li (fresh) 84.0 30.2 36.0 1.9 30.8 
Reuse 1 73.2 15.5 21.1 62.6 33.9 
Reuse 2 77.8 18.3 23.6 67.7 33.9 
a
 for denotation of the materials see Chapter Experimental, Table E.1  
Table K.12 Recycling 
Structural properties and chemical composition of various cobalt containing AlSBA-15 
based heterogenised catalysts before and after recycling experiments. 
Sample a rel. crystallinity[%] c 
d100 
[Å] 
a0 
[Å] Si/Al ratio b Co/Al ratio b
AlSBA15A (fresh) 89 102.6 118.4 34 0.72 
Reuse 1 58 104.6 120.8 35 0.37 
Reuse 2 100 98.4 113.6 32 0.34 
AlSBA15B (fresh) 60 97.6 112.7 33 0.69 
Reuse 1 56 104.4 120.6 21 0.33 
Reuse 2 72 97.4 112.5 33 0.29 
CoAlSBA15Li (fresh) 73 98.8 114.1 47 0.19 
Reuse 1 60 103.2 119.2 47 0.00 
Reuse 2 17 101.6 117.3 32 0.00 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio 
c
 compared to the parent material, which was defined as 100 % crystalline. 
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Table K.13 Hot filtration test 
Investigation of leaching behaviour of various Cr(III)Cl-salen complex containing 
heterogenised catalysts in the KR of cyclohexene oxide. 
Yield [%] 
products 
selectivity
[%] 
ee [%] 
substrate
ee [%] 
product ASample a conversion[%] 
A B C A (R) (S) 
NaAlMCM41C 94.2 2.4 5.0 1.3 2.5 1.9 23.4 
Leaching 1 94.5 2.8 2.6 2.9 2.9 52.6 0.1 
Leaching 2 97.3 5.0 1.7 0.8 5.1 41.1 1.1 
HAlMCM41C 94.1 0.6 3.9 2.9 0.6 14.8 3.0 
Leaching 1 96.1 27.7 0.7 0.1 28.8 28.8 0.9 
Leaching 2 97.7 17.5 5.6 2.7 17.9 27.3 0.4 
NaAlMCM48C 96.4 43.0 7.5 0.2 44.6 54.6 51.9 
Leaching 1 94.9 0.2 0.9 0.2 0.2 41.7 35.0 
Leaching 2 83.6 5.6 2.2 0.4 6.7 31.3 3.8 
AlSBA15C 65.0 0.3 2.1 2.1 0.4 10.7 13.3 
Leaching 1 97.2 39.6 2.6 0.5 40.7 0.3 0.2 
Leaching 2 98.6 10.1 4.8 0.6 10.2 35.4 0.3 
a
 for denotation of the materials see Chapter Experimental, Table E.1  
Table K.14 Hot filtration test 
Structural properties and chemical composition of various Cr(III)Cl-salen complex 
containing heterogenised catalysts before and after leaching experiments. 
Sample a rel. crystallinity[%] c 
d100 
[Å] 
a0 
[Å] Si/Al ratio b Cr/Al ratio b
NaAlMCM41C 58 35.6 41.1 47 0.09 
Leaching 54 38.1 43.9 54 0.04 
HAlMCM41C 74 36.9 42.7 41 0.11 
Leaching 36 37.4 43.2 110 0.08 
NaAlMCM48C 81 36.0 88.1 18 0.07 
Leaching 44 35.9 88.0 22 0.01 
AlSBA15C 91 100.5 116.1 33 0.09 
Leaching 67 98.8 114.1 39 0.02 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio 
c
 compared to the parent material, which was defined as 100 % crystalline. 
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Table K.15 Recycling 
Investigation of reusability of various Cr(III)Cl-salen complex containing heterogenised 
catalysts in the KR of cyclohexene oxide. 
Yield [%] 
products 
selectivity
[%] 
ee [%] 
substrate
ee [%] 
product ASample a conversion
[%] A B C A (R) (S) 
NaAlMCM41C (fresh) 94.2 2.4 5.0 1.3 2.5 1.9 23.4 
Reuse 1 96.8 0.4 3.3 2.5 0.5 49.9 3.0 
Reuse 2 96.1 2.4 4.8 1.1 2.5 44.0 2.2 
HAlMCM41C (fresh) 94.1 0.6 3.9 2.9 0.6 14.8 3.0 
Reuse 1 94.6 0.9 4.1 3.2 1.0 47.1 2.4 
Reuse 2 91.1 4.1 0.7 4.4 4.5 52.5 0.5 
NaAlMCM48C (fresh) 96.4 43.0 7.5 0.2 44.6 54.6 51.9 
Reuse 1 94.9 1.6 7.5 4.0 1.7 25.5 3.5 
Reuse 2 92.6 11.6 9.1 1.6 12.5 42.4 20.0 
AlSBA15C (fresh) 65.0 0.3 2.1 2.1 0.4 10.7 13.3 
Reuse 1 95.4 0.9 4.7 2.9 1.0 47.2 0.8 
Reuse 2 93.9 2.9 4.5 1.0 3.1 43.1 0.5 
a
 for denotation of the materials see Chapter Experimental, Table E.1  
Table K.16 Recycling 
Structural properties and chemical composition of various Cr(III)Cl-salen complex 
containing heterogenised catalysts before and after recycling experiments. 
Sample a rel. crystallinity[%] c 
d100 
[Å] 
a0 
[Å] Si/Al ratio b Cr/Al ratio b
NaAlMCM41C (fresh) 58 35.6 41.1 47 0.09 
Reuse 1 40 36.7 42.4 52 0.03 
Reuse 2 32 36.6 42.2 56 0.02 
HAlMCM41C (fresh) 74 36.9 42.7 41 0.11 
Reuse 1 23 37.9 43.8 56 0.03 
Reuse 2 15 37.8 43.6 66 0.03 
NaAlMCM48C (fresh) 81 36.0 88.1 18 0.07 
Reuse 1 34 36.1 88.4 20 0.02 
Reuse 2 35 36.0 88.2 23 0.01 
AlSBA15C (fresh) 91 100.5 116.1 33 0.09 
Reuse 1 74 100.2 115.7 18 0.02 
Reuse 2 62 99.3 114.7 25 0.01 
a
 for denotation of the materials see Chapter Experimental, Table E.1 
b
 molar ratio 
c
 compared to the parent material, which was defined as 100 % crystalline. 
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Figure K.1 Results of recycling and Hot filtration test (leaching) over various cobalt 
salen complex containing on AlMCM-41 based heterogenised catalysts in the HKR of 
styrene oxide. 
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Figure K.2 Results of recycling and Hot filtration test (leaching) over various cobalt 
salen complex containing on H+AlMCM-41 based heterogenised catalysts in the HKR of 
styrene oxide. 
010203040506070809010
0
Co
HA
lM
CM
41
Li 
(fr
es
h)
Re
us
e 
1
Re
us
e 
2 L
ea
ch
in
g 1
Le
ac
hi
n
g 2
HA
lM
CM
41
A 
(fr
es
h)
Re
us
e 
1
Re
us
e 
2 L
ea
ch
in
g 1
Le
ac
hi
n
g 2
HA
lM
CM
41
B 
(fr
es
h)
Re
us
e 
1
Re
us
e 
2 L
ea
ch
in
g 1
Le
ac
hi
n
g 2
C
o
n
v
e
r
s
io
n
 
[%
]
Y
ie
ld
 
[%
]
Se
le
c
ti
v
it
y 
[%
]
e
e 
[%
] s
u
bs
tr
a
te
 
(S
)
e
e 
[%
] d
io
l (
R
)
Appendix 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯  
-
 
263 -
Figure K.3 Results of recycling and Hot filtration test (leaching) over various cobalt 
salen complex containing on AlMCM-48 based heterogenised catalysts in the HKR of 
styrene oxide. 
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Figure K.4 Results of recycling and Hot filtration test (leaching) over various cobalt 
salen complex containing on AlSBA-15 based heterogenised catalysts in the HKR of 
styrene oxide. 
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Figure K.5. Results of recycling and Hot filtration test (leaching) over various Cr(III)Cl 
salen complex containing heterogenised catalysts in the KR of cyclohexene oxide. 
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